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Abstract 
 

A presentation of the work completed during the nine week NSF funded Research Experience for 
Undergraduates (REU) program at Oregon State University, summer 2004. This work is an extension 
of an ongoing project with Patricio A. Catalán under the direction of Dr. Merrick C. Haller. The 
research involved the use of remote video data to measure various parameters of interest, including 
wave phase speed, the space and time distributions of breaking waves, and the basic length scales of 
wave breaking rollers. Algorithms were developed in order to calculate these quantities and were 
then applied to video images of several different wave conditions. Data collected using two different 
experimental setups (Sony DCR-IP220 MicroDV camera and the Argus III Video System) were 
analyzed. The results are presented with conclusions regarding the differences between the two video 
systems, uncertainty and problems that arise in video analysis, and how these issues will be 
addressed in future work. 
 

 
1. Introduction 
 

This report is the culmination of a nine week research program for undergraduates in which I, the 
author, participated in the summer of 2004. The goal of the program was to give undergraduate 
students a hands-on feel for graduate level projects and research. This was accomplished by having 
the undergraduate take on an active role in a research project for the summer. 

The objective of our project was to investigate shallow water wave breaking using a remote 
system of video cameras. From these remote collects it is possible to extract measurements such as 
celerity and bore width and use this information to generate estimates of the underlying bathymetry. 
During the course of my involvement with the project I worked with Patricio A. Catalán, a graduate 
student at Oregon State, and Dr. Merrick C. Haller, an assistant professor with the Department of 
Civil, Construction, and Environmental Engineering. This project is an ongoing endeavor, and as 
such this report represents only a fraction of the planned research. Nevertheless, it is a significant 
step in the process of improving remote sensing techniques. 
 
2. Background 
 

Analysis of remote video imagery is a multi-step process. When analyzing data from any 
instrumentation setup, one must first convert the data into an accessible and easy to work with form. 
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In the case of video data, one typical form is known as the timestack (Fig. 1). A timestack is created 
by sampling the same array of points in an image over a period of time. These arrays are then 
‘stacked’  next to each other to create a new image where each pixel represents a certain point in 
space and time. One timestack can be used to gather a wide range of information regarding wave 
parameters. 

Note that the timestacks we process are all grayscale images, i.e. pixel intensities in the images 
have values in the range of 0 to 255, or black to white, respectively. All analysis is done in grayscale 
instead of color because it is much simpler to work with a single range of grayscale intensities rather 
than three separate color intensity ranges (i.e. red, green, and blue). It is also not entirely clear what 
we would gain by looking at individual color values. 
 
2.1 Image Rectification 
 

When any camera takes a photo there are always many optical distortions present in the image. 
Distorted images are difficult to work with because the pixel footprint is not uniform across the 
image, i.e. a real-world distance measured at one location in the image will not necessarily occupy 
the same amount of pixels as the same distance measured at another location. Perspective distortion 
is the main cause of this nonuniformity; however other effects, such as camera lens distortion, may 
become significant and should be corrected for if possible. Holland et al. (1997) developed a fairly 
complex camera calibration procedure that takes into account a variety of factors, including 
perspective and lens distortion. The procedure outlined here is a highly simplified one, but the results 
illustrate the main idea behind rectification. 

One can perform simple rectification using the Image Processing Toolbox in Matlab. Firstly, 
ground control points (GCPs) are identified in the image. These points have known real-world 
coordinates and are selected from easily identifiable landmarks or manmade markers visible within 
the image. When working in the wave flume we marked specific points along the tank wall. After 
locating them in the video image, their coordinates, along with the desired rectified coordinates (i.e. 
the coordinates in the rectified image that the GCPs will map to), are entered into a Matlab function 
which generates a transformation matrix that is applied to the image. The result is a rectified image in 
which all pixels represent the same amount of real-world units. Thus it becomes simple to map a 
distance measured in the image to a distance in the real-world. An example rectification is shown in 
Fig. 2. The white outlined rectangles in each image all have sides of length 12 ft, and it is apparent 
that in the non-rectified images the sides do not have the same pixel length. After rectification is 
performed a simple visual inspection confirms the uniform length scales. 

Once a series of rectified images are obtained, an array of pixels is selected to sample from each 
image and a timestack is created. Since all the parameters of the rectification and time when the 
images were taken are known, it is possible to identify spatial and temporal coordinates for each 
pixel in the timestack. 
 
2.2 Wave Tracking 
 

In order to measure wave parameters, e.g. celerity, we need to identify features of the wave and 
be able to track them as they propagate shoreward. When waves break, the turbulent areas of the 
wave become much brighter than the surrounding water and it is this change in intensity which 
allows us to track the breaking areas of the waves using video cameras. Since the wave conditions 
that we analyzed were monochromatic, a phase average is performed, which is in essence summing 
all the different waves in the timestack together and dividing by the number of waves. Hence, a new 
timestack is created that covers one wave period in time and represents an average over the set of 
imaged waves. Approximately 10-15 waves were needed to achieve a stable phase average. 
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Fig. 1.  A sample timestack of a monochromatic wave condition (H = 0.60 m, T = 4 s), sampled at 10Hz. Still water 
level (SWL) shoreline is at 0 m. 
 

(a) 

   
 

(b) 

 
 
Fig. 2.  (a) Oblique views of the long wave flume from the three Argus III video cameras and (b) the rectified and 
merged view. The white squares in the images denote 12 ft. × 12 ft. square areas. GCPs are located at the corners of 
the squares. 
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Once a phase averaged timestack is obtained, various algorithms are applied. The simplest 
algorithm for identifying the areas of wave breaking is to keep all pixels with intensity greater than or 
equal to some threshold value, and discard all pixels with intensity less than that value. All pixel 
intensities above the threshold are set to the maximum grayscale intensity (255) and those that are 
below are set to the minimum intensity (0). This threshold method is summarized in (1), where the 
output image TO is equal to the threshold function F applied to the input image TI. The threshold 
function F maps intensity values I from the input image to either 255 if I is greater than or equal to 
the threshold cutoff value i, or 0 if I is less than i. 
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This method can be very sensitive to noise in the image if the cutoff value i is near the intensity 
values of the noisy areas. In addition to sensitivity of the various levels of noise in the video images, 
the presence of varying ambient lighting conditions affects the algorithm adversely as well. Thus 
another method used to create threshold images involving a cross-shore varying threshold value. For 
each cross-shore location x in the image, the mean �  and standard deviation �  of pixel intensities for 
that location are computed and intensities at that cross-shore location are mapped to 255 or 0 
depending on whether they are above or below the mean plus i standard deviations in pixel intensity: 
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Since the threshold cutoff is i standard deviations above �  for a given cross-shore location, the cutoff 
tends to be higher than the noise level, which is closer to � . Also, this method is more adaptive to 
changes in ambient lighting as the cutoff is a function of intensity at a given cross-shore position. 

After the threshold function is applied to the phase average timestack with appropriate threshold 
values, we have an image that contains well defined edges whose coordinates can be recorded and 
used to track the wave. We believe that these edges are reasonable approximations of the locations of 
the front and back of the wave breaking area. However, another feature of interest is the crest of the 
wave, which lies somewhere between the front and back of the breaking region. One would expect 
the most turbulent area, and thus the brightest intensity, to be located slightly forward of the crest of 
the wave where the breaking is occurring. Therefore to track an approximate location of crest of the 
wave we simply need to identify maximum intensity regions in the image. Fig. 3 shows the important 
parameters of interest when working with breaking waves. 
 
2.3 Bore width and Celer ity 
 

The coordinates of the front, back, and crest proxy of the wave can be used to measure the length 
of the breaking region and phase speed of the wave. Fig. 4 illustrates these key features on a pixel 
intensity transect taken from the phase average of the timestack shown in Fig. 2. The figure is 
effectively a snapshot taken at a point in time when a wave in the tank was located approximately 30 
m offshore. By applying the threshold function described in (2) we are able to measure the width of 
the breaking region of the wave by calculating the distance between the change in intensity from 0 to 
255 at ~28.5 m and the change in intensity from 255 to 0 at ~31.3 m. This results in a breaking region 
of approximately 2.8 m. 
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Fig. 3.  Diagram of a breaking wave indicating length scales for LB, bore length, A, bore area, q, front slope angle, L, 
wavelength, and H, wave height. When a bore width measurement is obtained from video, it is actually closer to 
LB,x, the horizontal component of LB. Bf, Bc, and Bb, are the front, center, and back edges of the bore, respectively. 
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Fig. 4.  A sample transect from the timestack in Fig. 2 showing the pixel intensities of the original (dark, thick), 
mean + 3 standard deviations (light, thin), and the resulting intensities after the threshold is applied (dashed). The 
grey star indicates the approximate location of the wave crest (maximum intensity) and from the threshold 
intensities a bore width measurement is also indicated. 

 
Speed is a measure of a change in distance over a change in time. By measuring the cross-shore 

location of any of the three features (front, back, crest) at two known points in time, a speed is 
obtained by computing the distance that feature traveled over the known time period over which it 
traveled. Computing the speeds of these features for each consecutive pair of cross-shore pixel arrays 
in the timestack yields celerity information as a function of cross-shore location, which can be 
compared to several theoretical predictions. 

 
3. Exper imental Setup 
 

Data were collected running waves over two different beach profiles in the long wave flume at 
the O.H. Hinsdale Wave Research Laboratory. The first data set analyzed was collected by Patricio 
Catalán in the winter of 2003 for a pilot experiment. The setup (Fig. 5a, 5b) involved mounting a 
Sony DCR-IP220 Network Handycam IP digital camera to a cart resting on the sides of the wave 
flume. Video (captured to MicroDV digital tape at 30 Hz) was taken at four camera positions for 
each of the four wave cases, yielding a total of 16 separate video sequences. Each sequence was split 
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into individual frames and these images were rectified using the simplified method described in 2.1. 
Pixel arrays were created by averaging intensities in the cross-shore direction across the width of the 
tank for each video frame. These arrays were then used to create a timestack for each video sequence. 

The second data set was obtained during the REU program after the new Argus III video system 
was installed in the research laboratory. Argus video stations are currently installed in many locations 
world-wide, but the Argus III system is a new, all digital, high resolution system utilizing three 
cameras mounted on the roof of the lab to obtain a wide viewing region of most of the wave flume 
(Fig. 2; Fig. 5c; Coastal Imaging Lab Web, 2004). Video was sampled at rates that ranged from 2 Hz 
to 10 Hz and all rectification and timestack creation were handled internally by the Argus system. 
Holman et al. were also using this system for research and thus used their much more complex 
camera calibration routines for an increased accuracy. 

 
 (a) 

 
(b) 

 
 

(c) 

 
 
Fig. 5.  Experimental setup for the Sony DCR-IP220 wave cases detailing (a) the locations of the areas of interest 
(AOI) for each of the four camera positions and (b) a schematic plan and camera setup. Experimental setup for the 
Argus III wave cases detailing (c) bathymetric setup with approximate water depths. Note that the barred beach 
profile of the Argus setup induces wave breaking slightly offshore as well, whereas the planar Sony profile does not. 
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4. Results 
 

This section presents measurement results after applying the suite of algorithms developed to 
analyze the two groups of data sets. The threshold and tracking methods described in (2.2) and (2.3) 
were run to extract celerity and bore width measurements from the various timestacks. Although 
there were many wave cases within each data set, due to space constraints, only one case from each 
set is presented in detail. 

Results for the sample wave case (monochromatic, height [H] 1.1 m, period [T] 4.0 s) from the 
Sony DCR-IP220 are shown in Fig. 6. Due to the close proximity of the camera and water surface a 
fairly high resolution was obtained, however this also resulted in a very limited field of view. Only 
camera positions 1 and 2 were analyzed as positions 3 and 4 had poor lighting conditions, no wave 
breaking and, therefore, unusable images. Threshold function (1) was applied to the timestacks to 
obtain the images in Fig. 6b and 6d with a cutoff value i of 65% of the maximum intensity value in 
each timestack. The front, back and center (midway between front and back), edges were identified 
and marked in the threshold images and phase speed and bore width were obtained from the 
coordinates of these edges. Measured celerity was plotted (Fig. 6e) against two predictions: the linear 
dispersion equation and a nonlinear composite equation developed by Kirby and Dalrymple (1986). 
The composite equation predictions were obtained using in situ measurements of wave height and 
water depth. Bore width measurements (Fig. 6g) were obtained by calculating the distance between 
the front and back edges of the wave for threshold values from 65% to 95% of the maximum 
intensity. 

Fig. 7 details the results for the sample Argus III wave case (H = 0.60 m, T = 4.0 s). The three 
roof-mounted cameras offered a very wide field of view and with resolution ranging from 1 cm per 
pixel at cross-shore positions around 25 m (near the bar), to 8-10 cm per pixel at positions around 0 
m (near the shoreline). Threshold function (1) was applied with i values of 100 and 200 and function 
(2) with i values 3 and 7 (Fig. 7a) and bore width measurements were made using these thresholds 
(Fig. 7b) by locating the front and back edges. Sample measurement locations are indicated by 
double arrows in Fig. 7a. The locations of maximum intensity (proxies for the wave crest) were 
located and these points, along with a cubic spline through them, were overlaid onto the phase 
averaged timestack (Fig. 7c). Celerity was calculated from these points, as well as from the cubic 
spline, but because no in situ data was taken for this case, the calculations could only be compared to 
predictions from the linear dispersion equation and a simple nonlinear approximation involving only 
water depth: 

 

ghC 78.1=  (3) 

 
5. Discussion 
 

Originally, the main goal of this project was to investigate new and improve upon existing depth 
inversion techniques. During the course of the nine week program, however, it became evident that 
only the introductory phases of the project would be completed. Many of the roadblocks encountered 
(e.g., mechanical instrumentation failure) were, unfortunately, beyond our control. Though despite 
the many setbacks, preliminary analysis was an overall success. 

The results from both Sony DCR-IP220 and Argus III cases were encouraging and were 
generally as predicted. The Sony celerity measurements seemed to deviate the most from the 
predictions while the Argus III phase speeds were closer to theoretical calculations. Bore width 
measurements in both cases were fairly consistent between various threshold functions and cutoff 
values: maximum bore widths occurred in the most turbulent areas of the breaking regions. The bore 
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width measurements from the Sony cases were also much larger than similar Argus cases. This was 
most likely due to suboptimal camera positioning, as the very low position introduces a lot of vertical 
distortion in the rectified image, resulting in exaggerated measurements. 

What makes the analysis of video imagery difficult is figuring out what exactly is being 
observed. Conclusions may end up being skewed because we expect to measure one parameter and 
end up comparing it to different one. For example, when talking about the phase speed of a wave we 
are really defining an average speed for the wave as a whole. Thus even if we can accurately measure 
the speed of the crest of the wave (or proxy for the crest), or the front edge of the wave (front of the  
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Fig. 6.  Experimental results for a sample Sony DCR-IP220 wave case (H = 1.1 m, T = 4.0 s) showing (a), (c) phase 
averaged timestacks for camera positions 2 and 1, respectively, and (b), (d) the same timestacks after applying the 
threshold function (1) with a cutoff value i of 65% of the maximum intensity; the front, back and center regions are 
marked. (e) is a plot of phase speed c vs. cross-shore location created by tracking the front edge of the wave in (b) 
and (d); circles indicate actual measurements, and the solid line is a running average. A Java Applet was written to 
display results for this and the three other wave cases and (f) a diagram of the control settings to display these 
figures is shown. A plot of (g) bore width measurements taken by applying the threshold function (1) to (a) and (c) 
using i values ranging from 65% to 95% of the maximum intensity. 
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Fig. 7.  Experimental results for a sample Argus III wave case (H = 0.60 m, T = 4.0 s) showing (a) the phase 
averaged timestack, and the timestack after applying threshold function (2) with i values of 3 and 7, and threshold 
function (1) with i values of 100 and 200, with (b) bore width measurements from each threshold image [sample 
measurement locations indicated by double arrows in (a)]. (c) The phase averaged timestack is repeated over 4 
periods overlaid with points of maximum intensity (stars) and a cubic spline through those points (line). Phase speed 
calculations are plotted (d) both directly from the max intensity points (plus signs) and from the cubic spline (solid 
line), along with predictions from the linear dispersion equation (dashed) and a nonlinear approximation (dash-dot). 
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breaking roller), they each have their own speed relative to the wave itself (e.g. the crest moves faster 
as the wave breaks; the bore slides down the face of the wave) and it becomes complicated to 
compare those speeds to a predicted “phase speed.”  

The work presented here is in very early stages of development and, due to the limited amount of 
time during the program, a thorough analysis of the data collected thus far was not possible. 
However, it is clear that the analysis that has been done, albeit relatively qualitative in nature, has 
yielded promising results. 
 
6. Further work 
 

Many advanced methods for analyzing remote observations have been developed (Bell, 1999; 
Stockdon and Holman, 2000), but research on these methods was most likely not completed in a nine 
week timeframe. Similarly, our research will continue to advance to include a more rigorous test of 
the algorithms and techniques. 

Future plans will include a broadening of wave cases and an examination of error propagation. 
Wave cases of various amplitude and period will be recorded and analyzed. Test cases will include 
random waves and will not be limited to monochromatic behavior. An investigation of the effect of 
video resolution and sampling frequency on depth inversion sensitivity will also be conducted. 
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