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ESTIMATION OF DISCHARGE IN A LABORATORY CHANNEL USING
VIDEO PROCESSING

Abstract:

This paper presents the applicability of video-based image processing techniques for discharge
estimation in a laboratory channel. Surface velocities were determined using the optical flow (OF)
method, and the corresponding discharge was estimated based on these measurements. The obtained
results were compared with values measured using a discharge measurement device, as well as with
discharge values derived from water depth measurements at the weir. The comparison of these
methods indicates that the video-based approach provides reliable results for higher discharge rates,
whereas larger deviations are observed at low discharges. The results highlight the potential
applicability of this method under constrained laboratory conditions.
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INPOIJEHA  IIPOTOKA Y JIABOPATOPUJCKOM  KAHAJY
TEXHUKOM OBPAJIE BUJEO CHUMKA

Caricemax:

VY pany je mpuka3ana MOTyNHOCT IpUMjeHE TEXHIKE 00pajie BUACO CHIMKA 32 MPOI]jeHy IMPOTOKA y
nmaboparopujckoM kaHaiy. [loBpumacke Op3une cy oapehene mertomom ontuukor Toka (OF), a Ha
OCHOBY IHX j€ WH3BpIIEHa IIpoljeHa mpoToka. JloOujeHm pe3yntatu cy ymopeheHm ca
BpHjeaHOCTHMA opeherHrM momohy ypehaja 3a Mjepere MpoToKa, Kao 1 ca BPHjeIHOCTUMA IIPOTOKA
IOOHjeHnX Ha OCHOBY Mjepema ayouHe Ha mpary. [lopehemem oBux meTona yrBpheHo je na meroaa
oOpajie BHIe0 CHUMKA JIaje TIoy3/1aHe pe3ynTaTe 3a Behe BpHjeIHOCTH MPOTOKA, JOK Cy KO MaJliX
MPOTOKA OJCTyHama M3paxeHuja. Pesynratm ykasyjy Ha MOTryhHOCT mpHMjeHE OBE METOAE Yy
OTPaHUYICHUM JTa0OPATOPHUjCKUM yCIOBUMA.

Krwyune pujeuu: npomox, nogpuiuncke 6p3une, guoeomempuja, OnmuyKu mox, npae,
1ab0pamopujcKu Kanai.



1. INTRODUCTION

The measurement and estimation of discharge represent one of the fundamental tasks of hydraulic
engineering, both under laboratory and field conditions. Traditional discharge measurement
methods, which rely on the use of hydraulic structures or reliable measuring devices, are still
regarded as accurate; however, they often require complex installation procedures and controlled
operating conditions. A particular challenge is associated with the measurement of small discharges,
where water viscosity becomes dominant and even relatively small deviations in water level or
velocity readings can lead to significant errors in discharge calculations [1].

With the development of high-resolution digital cameras and advanced computer vision techniques,
non-contact methods for estimating velocities and discharge from video recordings have gained
increasing attention in recent decades. These approaches, commonly referred to as videometry (or
videography), enable the retrieval of the spatial distribution of surface velocities without physical
contact or interference with the flow, making them especially suitable for investigations under
conditions of limited accessibility or increased sensitivity of the measurement site [1], [2].

One of the widely used techniques within videometry is the optical flow method, which allows for
the estimation of velocity fields by analyzing changes in pixel intensity between successive frames
of a video sequence. An efficient estimation of displacement vectors for each pixel is achieved
through an approach based on the polynomial approximation of the image intensity function [3].
Owing to these characteristics, the optical flow method has found broad application in open-channel
flow research.

More recently, specialized software tools have been developed that integrate optical flow techniques
with additional processing steps, such as video stabilization and data filtering. One such tool is
SSIM-Flow, which is primarily intended for the estimation of surface velocities and discharge from
video recordings [4]. Although the tool was originally developed for mobile platforms such as
unmanned aerial vehicles, its application is also feasible under laboratory conditions where video
data are acquired using a fixed camera setup.

The objective of this study is to investigate the applicability of the optical flow method for discharge
estimation in a laboratory channel at the Hydraulic Engineering Laboratory of the Faculty of
Architecture, Civil Engineering, and Geodesy, and to compare the obtained results with indirect
methods such as the Froude-based method derived from the minimum energy condition at a
triangular-crested weir. The research focuses on video-based discharge estimation, with particular
emphasis on the measurement of small discharges.

2. MATERIALS AND METHODS

2.1. DISCHARGE ESTIMATION TECHNIQUES AND DESCRIPTION OF THE
LABORATORY SETUP

Video acquisition and measurements were conducted in a laboratory channel, and the laboratory
setup is schematically illustrated in Figure 1.
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Figure 1. Schematic representation of the laboratory setup (drawing by author).



The system shown in the figure operates as follows: water is pumped from the right cylindrical
reservoir with a diameter of 0.50 m by means of a submersible pump and conveyed to the channel.
A ball valve installed on the discharge pipeline allows the regulation of the discharge through the
system.

At the outlet of the pipeline into the channel, a so-called flow straightener is installed, consisting of
a vertically oriented pipe with a diameter of 75 mm, perforated along the pipe wall with 10 mm
diameter holes that allow the passage of water. This component is required to condition and
redistribute the approach flow upstream of the installed weir, ensuring stable hydraulic conditions
before overtopping of the crest.

The channel is made of glass, with a length of L = 1.30 m and a rectangular cross-section of width
b = 14 cm. Within the channel, at a station X = 0.5 m measured from the downstream end (left), a
weir with a height of 3.54 c¢m is installed. The position of the weir is shown in the figure, where the
aforementioned station refers to the left edge of the weir. Its cross-section has the shape of an
isosceles right triangle with leg lengths of 5.0 cm and is fabricated from hardwood (oak).

It should be noted that the longitudinal slope of the channel is /; = 0.0%, and that an opening at the
downstream end allows for free outflow. Water from the channel flows into a discharge
measurement device [5], from which it is subsequently released into a left reservoir of the same
characteristics as the right one. The two reservoirs are connected by a pipeline with a length of 3.0
m and a diameter of 75 mm, at the midpoint of which a fully open gate valve is installed. This
configuration enables a recirculating (closed-loop) flow system.

The reference discharge value was taken as the value obtained from the discharge measurement
device, as this device had been previously tested under laboratory conditions and verified in field
applications. This is reported in the study by Prastalo et al. [S]. The following figure presents the
construction of the device along with its geometric characteristics.
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Figure 2. Discharge measurement device with geometric characteristics [5].

The discharge measurement device is constructed from T-shaped PVC sewer pipe elements with a
nominal diameter of DN 200/200 mm. The lower side is closed, while the remaining sides are open.
On the lateral side, a cap is installed in which a precisely machined 90° “V notch” (Thompson) weir
is formed. Inside the device, a vertical sewer pipe with a nominal diameter of DN 110/160 mm is
installed, perforated around its circumference with circular holes of 10 mm diameter. The function
of this pipe is to act as a flow straightener, allowing the water to rise from the bottom toward the
weir and fill the lower part of the device until the water level reaches the crest elevation. A
piezometer is mounted along the side of the pipe, where the water level is measured, corresponding
to the head at the weir crest. The geometric characteristics of the device and the detailed shape of
the weir are shown in Figure 2 [5].

The discharge over the “V notch” weir can be expressed as [6]:

8
Q =1z Cav2ohy”* (1)
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where Q (m¥/s) is the discharge, C; (-) is the discharge coefficient, g (m/s?) is the gravitational
acceleration, and h,, (m) is the head over the weir, calculated as the difference between the water
level measured in the piezometer and the weir crest elevation of 13.3 cm.

After calibration of the weir according to Model 3 proposed by Prastalo et al., the discharge
coefficient can be expressed as [5]:

C4 = 0.6703 + 0.0161(h,/P) ©)

where P (mm) is the weir height, equal to 30 mm, as shown in Figure 2.

A fixed camera is mounted above the channel to acquire the video recordings. In this study, a
Venture 5K Duo camera was used. This is an action sports camera capable of recording high-
resolution video up to 5K (ultra-high resolution) as well as high-megapixel still images. The video
recordings are used to identify surface velocities, from which the discharge is subsequently
estimated. The following figure shows the appearance of the camera and an example frame captured
during the recording of surface velocities in the laboratory channel.
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Figure 3. Venture 5K Duo camera (left)[7] and an example recorded frame
(right) (photography by author).

The laboratory setup also includes a point gauge (shown in Figure 1), which is used for point-wise
measurement of the water depth at the weir crest. The channel conditions enabled free
(unsubmerged) flow over the weir, such that critical depth h,, is established at the crest, and the
minimum specific energy condition is satisfied (epi, = her + v2./29). The minimum specific
energy occurs when the Froude number equals unity [6]:

_@B
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=1 3)
where Fr (-) is the Froude number, B (m) is the water surface width, which in this case is equal to
the channel width b = 14 cm, and A (m?) is the cross-sectional flow area. In this study, the weir has
the shape of an isosceles right triangle, where the sharp edge defines the location of the critical depth,
facilitating measurement, as illustrated in the Figure 4.
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Figure 4. Water surface profile at the weir crest in the laboratory channel
(photography by author).

The cross-sectional flow area at the weir can be expressed as A = b - h,,. Substituting this
expression into Eq. (3), the discharge can be written as:

“)

The discharge values obtained using this method were used for comparison with the discharge values
derived from video processing, relative to the reference discharge values obtained from the discharge
measurement device. The relative error was adopted as a measure of deviation from the reference
value and is defined as:

= |Qcalc - le
Qm

where € (%) is the relative error, Q. 1s the discharge estimated by one of the two applied methods,
and Q,, is the discharge measured by the discharge measurement device.

For further comparison, the mean absolute percentage error (MAPE) was also used, representing the
average percentage difference between the reference discharge values and those obtained by the
applied methods. It is calculated as:

-100% Q)

n

MAPE=1-Z|%

n .
i=1

-100% (©)

where MAPE (%) is the mean absolute percentage error, and n is the total number of samples, which
in this study was equal to 5.

2.2. VIDEO PROCESSING TECHNIQUE

Surface velocities can be identified from video recordings using various image processing
techniques, which are then used to estimate discharge. Some of the most commonly applied methods
include [8]:

e Particle Image Velocimetry — PIV,
Particle Tracking Velocimetry — PTV,
Kanade-Lucas-Tomasi — KTL,
Optical Flow — OF,
Surface Structure Image Velocimetry — SSIV,

e Space-Time Image Velocimetry — STIV.
In this study, the optical flow (OF) method was employed. It is based on the analysis of pixel
intensity gradient fields between successive images (frames) of a video sequence. The method was
originally developed by Gunnar Farneback [3].



The basic principle assumes that the motion of structures between two successive time instants (i.e.,
two frames) can be estimated by analyzing changes in pixel intensities. Each pixel is approximated
by a second-order polynomial, which allows the local image structure to be described. The motion
between two consecutive frames is modeled as a translation of this polynomial approximation. By
comparing the polynomial coefficients between frames, an analytical expression for the
displacement vector can be derived. In this way, information on the velocity of each individual pixel
is obtained, and by repeating the procedure over all successive frames, the spatiotemporal motion of
objects in the video sequence can be characterized [3].

In contrast to feature-based methods that track only characteristic points, this approach enables the
estimation of a dense velocity field, as a motion vector is obtained for each pixel in the image. Owing
to this property, the method is widely adopted in videometric applications for surface velocity
estimation.

For video processing, a ready-made library package for optical flow available in the Python
programming language was used. This package provides a range of pre-processing and data
processing steps for video recordings, as well as discharge estimation capabilities. By tracking the
motion of characteristic points between successive frames, local surface velocities are estimated and
subsequently spatially averaged across the channel width. This approach enables the processing of
video sequences in which pixel displacement velocities are relatively high. Based on the obtained
mean surface velocity and the known cross-sectional geometry of the channel, the discharge was
calculated.

3. RESULTS AND DISCUSSION

As previously stated, the discharge was estimated based on measurements of the critical depth at the
weir profile, using the minimum specific energy condition at the crest. In parallel, surface velocities
were identified using video processing techniques in order to derive the corresponding discharge.
The results obtained by these methods are presented in the following table relative to the measured
discharge values.

Table 1. Discharge values

Upstream depth Measured Froude based Optical flow based
(X=0.60m) (cm) (1/s) method (I/s) discharge (1/s)
6.40 1.94 2.040 1.925
5.40 1.60 1.721 1.595
4.90 1.20 0.800 1.354
4.80 0.80 0.312 0.621
4.70 0.40 0.255 0.567

Using the critical depth measurements and the Froude-based method, reliable results — defined here
as relative errors below 10% with respect to the reference discharge measured by the calibrated
discharge measurement device — were obtained for only two discharge values (1.60 and 1.94 L/s).
For the remaining cases, this method underestimates the discharge relative to the reference
measurements. Similarly, the optical-flow-based method provides good agreement with the
reference discharge values for the higher discharges (1.60 and 1.94 L/s). For a discharge of 0.80 L/s,
the optical method underestimates the discharge, while for 0.40 L/s it overestimates it. A comparison
of the estimated and measured discharge values is shown in the following figure.
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Figure 5. Comparison of discharge estimates (diagram by author).

As can be observed in Figure 5, the critical-depth-based (Froude) method exhibits larger deviations
from the measured values for lower discharges (0.40, 0.80, and 1.20 L/s). This behavior is attributed
to the difficulty of accurately reading the critical depth using the point gauge, which introduces a
larger measurement error into the discharge estimation. For the remaining discharge values, the
relative error is less than 10%.

With respect to the video processing technique, the results are somewhat better; however, noticeable
deviations are still observed at lower discharge values, where the relative error exceeds 10%.
Considering the fact that very low discharges (below 1.0 L/s) are inherently difficult to measure,
larger measurement errors are to be expected.

When comparing the mean absolute percentage error (MAPE), the Froude-based method yields a
value of 28.67%, whereas the optical method results in a lower MAPE of 15.58% over the considered
range of discharge values.

In terms of individual values, the smallest relative errors occur for discharges of 1.60 and 1.94 L/s.
For the optical method, the relative error is below 1.0% for both values, while for the Froude-based
method the corresponding errors are 7.50% and 5.14%, respectively. The largest relative error for
the Froude-based method is obtained at a discharge of 0.80 L/s, amounting to —61.06%, whereas for
the optical method the largest relative error occurs at 0.40 L/s and reaches 41.63%. The box plot of
the relative error for the applied methods is shown in the following figure.
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Figure 6. Box — plot of relative error (diagram by author).

For improved visualization and interpretation of the results, a Bland—Altman analysis was also
performed [9]. Both methods exhibit a tendency to overestimate the discharge. However, the optical



flow method demonstrates smaller dispersion and better consistency of the results, while deviations
are more pronounced at lower discharge values. The Froude-based method shows larger deviations,
particularly at lower mean values, indicating greater errors in the measurement of water depth at the
weir profile. For both applied methods, most data points lie within the boundary for a standard 95%
confidence interval (£1.96 Standard Deviation), and the points are more concentrated around the
zero-difference line than around the mean difference.
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Figure 7. Bland — Altman analysis of the applied methods (diagram by author).

4. CONCLUSION

This study demonstrates the feasibility of estimating discharge in a laboratory channel using a video
processing technique, with the results compared to an indirect method based on critical depth
measurements at a weir. The estimation of low discharges under laboratory conditions is a
demanding task that requires high-quality and precise measurement equipment. Traditionally,
discharge measurement using hydraulic structures has been the standard practice in hydraulic
engineering. With the development of accurate and high-speed cameras, this task can also be
performed using video-based techniques.

The results of the present investigation indicate that video processing techniques can be reliably
applied for discharges greater than 1.0 L/s, for which consistent and accurate estimates are obtained.
For lower discharge values (below 1.0 L/s), the relative error in discharge estimation increases
(exceeding 10%), making this technique less reliable in that range.

The optical flow method employed in this study demonstrates better stability and lower systematic
error compared to the Froude-based method, while both methods remain within the boundary for a
standard 95% confidence interval. Future research should focus on improving optical-flow-based
video processing techniques in order to enhance the reliability of discharge estimation for low-flow
conditions.

LITERATURE

[1] M. T. Perks, “KLT-IV v1.0: Image velocimetry software for use with fixed and mobile
platforms,” Geosci. Model Dev., vol. 13, no. 12, pp. 6111-6130, Dec. 2020, doi:
10.5194/gmd-13-6111-2020.

[2] F. Tauro, F. Tosi, S. Mattoccia, E. Toth, R. Piscopia, and S. Grimaldi, “Optical tracking
velocimetry (OTV): Leveraging optical flow and trajectory-based filtering for surface
streamflow observations,” Remote Sens. (Basel)., vol. 10, no. 12, Dec. 2018, doi:
10.3390/rs10122010.

[3] G. Farnebéck, “Two-Frame Motion Estimation Based on Polynomial Expansion,”
Linkoping, 2003. [Online]. Available: http://www.isy.liu.se/cvl/

[4] R. Ljubici¢, B. Zindovi¢, N. Rosi¢, and D. Pavlovi¢, “SSIMS-FLOW-alat za procenu
protoka u otvorenim tokovima na osnovu polja povrsinskih brzina iz video zapisa sa
lakih bespilotnih letelica,” Vodoprivreda, vol. 54, 2022.



[3]

P. Prastalo and A. Milanovi¢, “ Possibilities for Measuring Small Discharges Using a
Simple Weir Construction,” Archives for Technical Sciences, vol. 2, no. 33, pp. 165—
175, Oct. 2025, doi: 10.70102/afts.2025.1833.165.

R. Kapor, Hidraulika. Beograd: Gradevinski fakultet Univerziteta u Beogradu, 2011.
Adorama.com. Action Camera Instruction Manual (Model MNX5KI). [Online].
Available:
https://www.adorama.com/col/productManuals/IMNX5K1.pdf?srsltid=AfmBOoqluPo
iyunScvejGKfAgXDQIuLykFsbm3dZi05u65-UTD5BZsNx

R. Ljubiéi¢ and D. Ivetié, “Procena protoka u otvorenim vodotocima kori§é¢enjem video
zapisa,” Gradevinski kalendar, vol. 55, no. 1, pp. 45-89, 2023, doi:
10.5937/gk230550451.

J. M. Bland and D. G. Altman, “ Measurement Statistical Methods for Assessing
Agreement Between Two Methods of Clinical Measurement,” Measurement, pp. 307—
310, Feb. 1986, doi: 10.1016/S0140-6736(86)90837-8.




  n


  M A P E


  M A P E =  1  n ∙   ∑  i = 1  n   |     Q  m −   Q  c a l c    Q  m | ∙ 100 %


    Q  m


    Q  c a l c


  𝜀


  𝜀 =    |   Q  c a l c −   Q  m |    Q  m ∙ 100 %


  Q =  g ∙  h  c r 3 ∙   B 2


  A = b ∙  h  c r


  A


  b


  B


  F r


  F r =     Q 2 B  g   A 3 = 1


    e  m i n =  h  c r +     v  c r 2  2 g )


   h  c r


  P


    C  d = 0 . 6703 + 0 . 0161 (  h  p / P )


   h  p


  g


    C  d


  Q


  Q =  8 15   C  d  2 g  h  p  5 / 2


  b  



