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Abstract. This work presents an image processing framework designed
to automatically track the wave front in a sequence of images from a high
speed film. A watershed algorithm is used for segmentation and contour-
ing, while an active contour model is used for controlling the flexibility
and the rigidity of the contour. The velocity of the wave front is calcu-
lated by estimating the displacement of the front in two frames, divided
by the time difference between the frames. The calculated velocity is
compared with the sensor measurements. Further, the calculated veloc-
ities can be used to estimate thermodynamic properties like the Mach
number, the pressure and the temperature across the wave. With the
purposed framework, these properties can be estimated along the entire
wave front. Otherwise, these thermodynamic properties are limited to
either theoretical values or to sparse measurements from sensors. The
experiment is done by using a shock tube and the film is captured by a
high speed camera using the shadowgraph system.

Keywords: Image processing application, Watershed, Front tracking, Active
contour model.

1 Introduction

Image segmentation is one of the important and most explored field in image
processing. Among the numerous methods of image segmentation, watershed
algorithm which is based on mathematical morphology of an image is well known
and widely used, especially for boundary contouring and edge detection [1]. The
watershed method takes an image as a topographic surface, where the graylevel
values of the image corresponds to the altitude of a surface (minimum being the
deepest). The algorithm was first introduced by Digabel and Lantu´ejoul [2] and
further modified by Beucher and Lantu´ejoul [3, 4]. Initially, the algorithm was
highly suffering by over segmentation due to the large number of local minima
present in an image. To overcome with the problem of over segmentation, Meyer
and Beucher proposed a strategy known as marker-controlled segmentation [5].
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More on the application of watershed method in grayscale images and overall
review of the marker controlled segmentation can be found in [6, 7].

The active contour or snake model was first developed by Kass et al. in
1988 [8]. The snake model is an essential part in image processing and computer
vision applications, mainly used for shape modeling [9] and motion tracking [10].
A snake is a moving curve within an image, which eventually lie itself around
the surface/edge of the desired object. For the present work, an open contour
model developed in [11] is used.

In general, shock waves appear in many flow fields, for example, at the wings
of an airplane, in explotions, fired bullets, exhaust of engines etc. The study of
the structure and the properties of a shock wave and its boundary layer inter-
actions has been the point of interest during World War II [12, 13]. Shock wave
initiates when the speed of the wave exceeds the speed of sound in the meduim.
It is characterized by the fact that across the shock regions, the gas properties
like the pressure, the temperature, and the gas density increases drastically. The
major cause for shock initiation is detonation, but sources could also be explo-
sion or lighting. The study of shock waves is a key component in the field of
aerospace and oil and gas industry as it could provide necessary information
for designing better aircraft and safety equipment. Generation of a shock wave
through detonation and its properties can be studied in [14].

Image processing technology has become a valuable tool in the field of gas
combustion and fluid mechanics. However, most of the time, the use of images
are limited to visualize the structure of the waves [12]. There is a lack of an
image processing framework which manage to extract information of the wave
properties. One challenging task is to capture this extremely high-speed phe-
nomena. The generated waves propagate at a speed of 200 m/s and above, and
the reactions of interest are completed within a microsecond. Therefore, a spe-
cial high-speed camera designed for capturing these phenomena is needed. In
addition, the high speed images from a gas experiment can vary rapidly from
frame to frame due to the continous chemical reaction, which demands a ro-
bust framework. In the past, a few work has been done based on numerical
simulation and thermodynamic differential equations [15]. However, to obtain a
tolerable accuracy using numerical models is a CPU demanding task. The main
goal of the paper is to design a complete image processing framework, which
pre-process/filter the images and automatically track the wave front in these
images. The tracked fronts are then used to estimate the velocity of the wave.

The rest of the paper is organized as follows. Section 2 gives a brief description
on the experimental setup for the generation of a shock wave. The methodology
behind image filtering, front tracking and post processing is described in Section
3, which is followed by Section 4 in which the procedure for calculating velocity
from the tracked fronts is presented. The results from the framework are shown
in Section 5. Lastly, the conclusion and some possible further work is discussed
in Section 6.
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2 Experimental set up

Fig. 1. (a) Schematic representation of the shock tube (b) pressure distribution along
the tube at t = 0 and t = t1 6= 0.

The shock wave was generated in the laborotory using a pure CO2 gas and
a shock tube, with the initial pressure and temperature of 10kPa and 274 K
respectively. A shock tube is one of the most used and essential laboratory
instrument for study of the fluid mechanics and gas combustion [16]. A shock
tube typically is a closed tube that consists of two chambers, one with a high
pressure known as the donor section and another with fairly low pressure known
as the acceptor section. Fig. 1 shows the schematic representation of a shock tube
with its pressure distribution. The shock propagation is captured at the closed
end of the acceptor section. Due to the boundary layer following behind the
incoming shock, the reflected shock wave bends around the boundary creating
an oblique shock. An oblique shock makes a certain angle with the boundary of
the tube known as a shock angle. Hence, a single reflected shock wave can be
divided into two parts: a normal shock and an oblique shock (see Fig. 2). This
paper focus on the reflected shock wave, hence the notation ’shock wave’ refers
to the reflected shock wave onwards.

Some of the images from the high speed film capturing the shock wave prop-
agation are presented in Fig. 2. The growing of the oblique shock is clearly
visible in the images. A shadowgraph system [17] is used for capturing the wave
propagation.

3 Methodology

In this section, the four parts of the image processing framework are described.
For simplicity, only the lower halves of the images are taken for further processing
as the phenomena is almost identical at both the top and the bottom boundary.
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Fig. 2. Some of the raw images from the high speed film showing the reflected shock
wave propagation. The shock wave travels from left to right, as shown in frames 1-4.

3.1 Pre-processing

The pre-processing of an image not only reduce the variations of noise present
in the image, but also reduce the problem of over segmentation of an image. The
pre-processing framework presented here consists of 3 steps. The first step is
the background subtraction. An image was formed by making an average image
based on all the images prior to the front propagation, and this image was then
successively subtracted from all the images with a visual front. The background
subtracted images are normalized to intensity level [0 − 1] in the second step.
The third step is filtering of noise from the normalized image. The filtering is
done by using the log transformation of the image followed by the [2×2] median
filter [18].

3.2 Segmentation

The filtered image is changed into a binary image by using Otsu method [19]
followed by the morphological operation ’closing’. The closing of the binary image
[5] enhanced the edges of an object as well as filling the tiny gaps found close to
the edges. The sequence of images in Fig. 3 shows the output from each step of
the pre-processing operation of an image from the high speed film.

Generally, the watershed segmentation is not performed directly to the orig-
inal image due to over segmentation. In this work, the distance transformed
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Fig. 3. (a) Background subtracted normalized image (b) filtered image (c) thresholded
binary image.

image [20] is used for the segmentation. The distance transformed image is suit-
able when the edge of the object is diffuse, but visuable. Fig. 4(a) and Fig. 4(b)
respectively shows the distance transformed image and the output of the water-
shed transformation of Fig. 3. The watershed algorithm uses 8 neighbourhood
pixels for the catchment building and consecutive flooding [21].

Fig. 4. (a) Distance transformed image (b) watershed output (c) morphologically re-
moved image with initial contour.

3.3 Front tracking/Contouring

To represent of the front in the segmented image, the morphological operation
’remove’ is done. This operation removes all the internal pixels in an object, but
keep all the edge pixels unchanged [22]. By using a priori information of the
direction of the wave propagation, a contour point is placed at the first position
where the intensity value changes from 0 to 1. The search starts from the left to
the right i.e. opposite direction of propagation. The points are tracked for all the
rows and the contour is created by simply joining them. If the size of an image is
[m,n], the contour can now be represented as a vector of size [m, 1]. The initial
contour plotted in the morphologically removed image is shown in Fig. 4(c).
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Fig. 5. (a) This subsection of the front is selected from the area pointed with a white
arrow in (b), initial contour (green) and final smoothed contour (red). (b) final fronts
from the high speed film tracked by the framework.

3.4 Post processing

It can be seen from Fig. 5(a) that the initial contour (green) has a ragged shape.
Thus, a proper module for smoothing the curve was needed. By using a snake
model [11], the smoothing was done locally using only on a few neighbouring
points. A basic active contour model or snake model defined in [8] is a con-
trolled continuity parametric curve, formed within an image, where the snake
is initialized manually by set of x-y points. However, for this work the contour
from the watershed segmentation is taken as an initial snake, eliminating any
human interactions. By representing the position of the snake parametrically as
P (s) = (x(s), y(s)), its energy function is defined as in (1)

Esnake =

∫
s

Eint(P (s)) + Eext(P (s))ds. (1)

The first term in (1), Eint is an internal energy and the second term, Eext is the
external energy function. An open active contour model developed in [11] which
is used to smooth the curve. Fig. 5(a) shows the contour from watershed (green)
and the smoothed contour (red) by the snake model. It also shows convergence
of the contour to the actual wave front around the pointed part in Fig. 5(b)).
Fig. 5(b) shows the 100 final fronts of the shock wave tracked by the designed
framework in the sequence of images of a high-speed film.

4 Velocity calculation

By estimating the displacement of the front in two frames combined with the
framing frequency of a camera (which will give the time difference between the
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Fig. 6. (a) Schematic sketch of two consecutive fronts with the fitted lines, the median
and the shock angle. (b) A raw image with actual tracked front and fitted line for the
oblique shock.

frames), the velocity can then be calculated. For the present work, the frequency
of a camera is 500 kfps and the pixel to meter scaling is approx. 1px = (0.0001±
5%) m. The velocity of a front at point P1 = (x1, y1) ( x1 and y1 represents row
and column) in image k can be estimated by using the point P2 = (x1, y2) of the
front in the consecutive image k + 1. If a displacement is d =| P2 − P1 |, then
velocity v will be,

v =
d× 0.0001

0.2× 10−5
m/s. (2)

One of the raw image from the film with the tracked front (red) and the line
formed for the oblique shock (blue) is shown in Fig. 6(b). The shock angle β can
be estimated by forming a line (equation) for the oblique shock, therefore the
contour needs to be divided into two sections; normal shock (upper) and oblique
shock (lower). For this, a median of top 100 points of the tracked front (red)
is used. The separating point is chosen to be situated where the front starts
to deviate from a median in an increasing order. The equation for the oblique
shock is formed by using all the points below the separating point shown in
Fig. 6(b) by a blue line. Fig. 6(b) also point out the desired calculations from the
tracked front and the fitted line. The top and bottom velocities are calculated by
taking 10 points on each of them (highlighted by an oval structure). The normal
velocity is then estimated by using velocity at the bottom v and shock angle β
i.e. vsinβ. The calculated velocity is then used to estimate the Mach number
at that point. A Mach number M is the ratio between the velocity of the wave
and the speed of sound in the medium. By using the Mach number along with
the initial temperature and pressure, the final pressure and temperature can be
estimated with the use of shock relationships. More about the Mach number, its
importance and implementation along with the shock relationships can be found
in [23].
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Fig. 7. Average velocity calculated for each frame at the top , bottom and average
normal velocity at the bottom plotted along the time.

5 Results

The velocity at the top and the bottom of the front along with the normal
velocity at the bottom as pointed in Fig. 6(b) are plotted in Fig. 7 for each
front. Please notice that the time start from the first frame considered and is
estimated from the frame rate of the camera which gives 2 µsec per frame.

The calculated average velocity is compared with the experimental results
that was calculated from the readings of the pressure transducers. The method
of calculating velocity and other thermodynamic properties from the pressure
transducers and all the experimental results will be published in a separate
publication (in progress). The results are also compared to the similar work
done by using pattern matching and segmented regression in [24]. The overall
comparison is shown in Table 1.

The comparison shows that the designed framework produces results within
a necessary precision. The difference between the experimental result (pressure
transducer readings) and the result from the framework is 11 m/s (top) and 1
m/s (bottom). The error of the framework due to misplacement of the contour by
1 pixel leads to deviation of approx. 5.23 m/s. Even though, individual velocity
along the front may vary with the experimental value, overall average seems to
match well.



Automatic Tracking of Wave Fronts 9

Fig. 8. Shock angle (β) at the foot of all the tracked fronts plotted along the time.

6 Conclusion and Further work

From the results presented in Section 5, it can be concluded that the designed
framework produces results in accordance with the pressure transducer mea-
surements. Furthermore, the velocity at each point along the front can now be
calculated by using the procress described in Section 4. The procedure and re-
sults of estimating thermodynamic properties of gas like the Mach number, the
pressure and temperature ratios by using this framework will be presented in a
different publication [25].

Table 1. Comparison between results from different methods.

Exp.no Average velocity
at the top

Average velocity
at the bottom

Av. Shock angle
(degree)

2516

Pressure
transducer results

216 m/s 266 m/s 48

Results from [24] 229 m/s 262 m/s 50

Results from the
designed

framework

227 m/s 267 m/s 48.9
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