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Abstract
The background oriented schlieren (BOS) imaging relies on measuring the light deflection angle in proportion
to the refractive index gradient due to the change in the density of a medium. BOS imaging is sensitive to
light deflection, and the quantitative measurement requires a reliable calibration method. It is convenient to
calibrate the BOS based on the measurement of light deflection. All current BOS calibrations use the random
dot as the background and digital image correlation (DIC) as the processing algorithm. Such calibrations
can induce an inaccurate measurement. This paper proposes a new method to calibrate the BOS based on
measuring a known light deflection angle of a wedge prism. The proposed method uses a fringe pattern
instead of the random-dot and works based on phase demodulation. The fringe patterns are phase modulated
by the wedge prism (the schlieren object). The demodulation utilizes the Hilbert transform (HT) on the BOS
images, giving the phase difference of the images. The BOS converts the phase difference into the deflection
angle. The calibration relies on the deviation of the angle measured by the BOS with the known angle of
a wedge prism. The results show that the measurement accuracy of the BOS can achieve more than 95%.
This result shows high accuracy in measuring the light deflection angle. Also, the proposed method is more
accurate than other methods, and fringe patterns outperform random dot patterns in BOS imaging. Soon, this
proposed calibration method can be adopted to validate the instruments for measuring the physical properties
of a transparent medium in two-dimensional (2-D) visualization, in a contactless and non-intrusive manner.
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1. Introduction

Background-oriented schlieren (BOS) imaging, as outlined in literature [1, 2], eliminates
the need for the equipment of a traditional optical schlieren system. BOS imaging is more
straightforward and quantitative than optical interferometry, schlieren, or shadowing techniques.
Generally, OS imaging exploits deflection of light by a spatial gradient of the refractive index in an
object under test (the schlieren object). The first step is to measure the light deflection angle when
the light passes through the schlieren object between the camera (sensor) and the background
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patterns. Technically, a digital camera captures the images with and without a schlieren object,
giving distortion and reference images, respectively. Comparing both images yields the estimation
of the light deflection angle that contains quantitative information about the spatial gradient of the
refractive index in the schlieren object.

Recently, BOS imaging has proliferated thanks to the advent of high-resolution digital cameras
and improved digital image processing. This fact makes BOS imaging a new and valuable
visualization technique. So far, BOS imaging has found many applications to visualize various
fluid media, such as fluid flow [3], aerodynamics fields [4], the atmosphere [5, 6], ultrasound
field [7], and the shock wave [8]. BOS imaging is not only capable of visualizing qualitative
information of the schlieren object (e.g., fluid flow) but also quantitative measurements, such as
the refractive index [9, 10] and fluid density [11]. The measurements rely on analysing a distorted
image of the background pattern produced by the deflection of the light rays due to the refractive
index gradient in the schlieren object. Thus, the design of the background pattern plays an essential
role in the better performance of the quantitative measurement. The patterns with high-resolution
(high spatial frequency), types of patterns (random dot or periodic), and high-contrast patterns
are widely preferred to implement BOS imaging [12]. Generally, a random dot pattern becomes
a background pattern in BOS imaging [1,2]. However, implementing BOS imaging is also recently
considering an application with periodic pattern types as the background [13, 14].

Quantitative BOS imaging relies on measuring the refractive index gradient due to the change
in density of a medium (the schlieren object). The measured light deflection angle also has
a proportion to the refractive index gradient. Thus, BOS imaging is experimentally sensitive to
light deflection, and the quantitative evaluation requires a reliable calibration method. Therefore,
it is convenient to calibrate BOS imaging based on the measurement of light deflection. So far,
there has been limited literature discussing BOS calibration. Porta et al. in [15] elaborate on the
calibration of BOS using two different gases with known parameters to obtain the density and
refractive index. Using the gases as standard materials of BOS calibration could be ineffective.
In [4] Ding et al. use the plano-convex lens to calibrate BOS technique. In this calibration, the
final results are in the form of a qualitative image representing the optical properties of the
plano-convex lens. In [16] van Hinserg et al. apply a wedge prism as the standard for calibrating
the quantitative light deflection angle of BOS imaging. However, all literature uses the random
dot as the background and the digital image correlation (DIC) as the image processing algorithm
without including uncertainty evaluation. Using a random dot in BOS imaging introduces an
inhomogeneous distribution in the background plane [13, 14], and the dot can experience a shape
distortion due to large density gradients [17]. In addition, the DIC algorithm also has drawbacks,
for example, assuming that the displacement image is approximately constant. Thus, violating this
condition could introduce significant uncertainty in measurement [13]. Therefore, calibrations
using these techniques can induce an inaccurate measurement result.

This paper proposes a new method to calibrate BOS imaging. The calibration process relies on
measuring a known light deflection angle of a wedge prism, similar to that in [16]. However, the
proposed method uses a periodic fringe pattern instead of a random-dot background. The spatial
frequency of a fringe pattern background acts as a carrier frequency that is phase modulated
by the schlieren object, giving a phase modulation image. This work demodulates the phase
modulation image, similarly to the method used in the communication field [18]. Research has
shown that the phase demodulation method offers an accurate result, for example, in designing
phase microscopy [19]. This work proposes a method for phase demodulation using the Hilbert
transform (HT) of both images, either the distortion (modulated image) or the reference (carrier
frequency) image. Finally, the calibration process converts the extracted (demodulated) phase to
the light deflection angle.
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The calibration procedure assumes a known light deflection angle of a wedge prism (as
stated in the manufacturer manual) as a measurement target (standard angle). Otherwise, the light
deflection angle measured by BOS imaging is the measured angle. The calibration process tests
the measurement accuracy and uncertainty evaluation level by assessing the differences between
the standard and measured angle. Using a wedge prism to calibrate BOS imaging will ensure
accuracy and efficiency in the measurement of the deflection angle. Accurate measurement of the
light deflection angle is the entry point for quantitative measurements, such as the refractive index
of the medium, the density of the fluids, the temperature of the gases, and other physical properties
of transparent mediums. Soon, the proposed calibration method can be adopted to validate BOS
imaging instruments for measuring quantitative physical properties, such as refractive index,
density, and temperature of the transparent medium in 2-D visualization in a contactless and
non-intrusive manner.

2. Method

2.1. BOS principle based on phase demodulation

The propagation of light rays in the refractive index gradient (the schlieren object) is subject to
deflection. The magnitude of deflection depends on the change in the refractive index inside the
density gradients of a schlieren object. Generally, Fermat’s principle reveals that the propagation
of a light ray through a schlieren object (inhomogeneous medium) as [20]

d
ds

(
n

d®r
ds

)
= ∇n, (1)

where ds is the trajectory element of the ray path length, d®r is the element of a ray position vector,
n is the refractive index as a function of position, and ∇n is the refractive index gradient in the
Cartesian Coordinate System. Figure 1 shows the propagation of a light ray along the Z-axis. Thus,
the trajectory element of the path length can be changed into ds = dz, and there is no gradient of
the refractive index along the Z-axis. Practically, the gradient of refractive index only occurs along
the X-axis and Y-axis.

Fig. 1. Schematic diagram of a BOS imaging setup using a wedge prism as the schlieren object.
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The basic concept of the BOS system is simple, as shown in Fig. 1. By assuming that the light
rays propagate paraxially in the Z-axis direction and the deflection angle is very small, (1) could
be decomposed to the Y-axis as [21]

d2y

dz2 =
1
n

(
dn
dy

)
. (2)

Thus, by integrating (2) once to z, the deflection angle θy (as shown in Fig. 1) can be determined as

θy ≈

(
dy
dz

)
=

(
∆y

D

)
=

1
n0

∫ (
dn
dy

)
dz, (3)

where n0 is the reference of the refractive index and n is the refractive index of the schlieren
object under test. Referring to Fig. 1, D is the schlieren object-to-background distance and ∆y
corresponds to the displacement of the background patterns (distorted image) due to the gradient

of the refractive index in the Y-axis direction
(
dn
dy

)
.

Figure 2 illustrates the BOS imaging principle based on phase demodulation. As the background
is a fringe pattern, it is also called the spatial carrier frequency. For simplicity, there is no spatial
carrier frequency on the X-axis (the fringe pattern along the X-axis). When BOS imaging, as
shown in Fig. 1, is without a schlieren object (no refractive index gradient), the spatial carrier
frequency is a reference fringe pattern (reference image). Mathematically, a sinusoidal intensity of
the reference image along the Y-axis, Io (y), can be represented as

Io (y) = Io cos (2πυy + ϕo), (4)

where Io is maximum intensity, υy is the spatial fringe frequency in the Y-axis, and ϕo is the initial
phase (phase offset). As in (4), intensity cannot carry the desired schlieren object information.
Therefore, (4) needs to be modulated by a schlieren object. The schlieren object will introduce

Fig. 2. Illustration of the fringe patterns displacement and phase difference caused by the schlieren object.
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a displacement of fringe patterns. This condition allows a phase-modulated spatial fringe frequency
or a distorted (phase modulation) image. Mathematically, the modulation intensity, Im (y), can be
revealed as

Im (y) = Io cos(2πυy + ϕm), (5)

where ϕm is phase-modulation of spatial carrier frequency caused by the schlieren object. The
subtraction of (6) from (5) gives the phase difference ∆φ (in rad) in proportion to the displacement
fringe patterns ∆y as

∆φ = ϕm − ϕo = 2πυy(∆y). (6)

So, the main problem is to estimate the phase difference ∆φ of (6) to obtain the displacement
fringe patterns ∆y. Finally, the estimated displacement fringe patterns convert into the light

deflection angle θy as in (3), proportional to the gradient of refractive index
(
dn
dy

)
.

2.2. Phase Demodulation (Phase extraction)

The phase difference in (6) is crucial in estimating the physical quantities of the schlieren
object (in this case, the light deflection angle of a wedge prism). This work uses the Hilbert
transform (HT) [21,23] to demodulate the phase-modulation of (5). The intensity of (4) and (5)
are the real-value data or data from the experiment [21]. According to the signal theory, the HT of
(4) and (5) generally gives a complex-valued signal called the analytic signal, Z (y) as [22]

Z (y) = XR(y) + iXIM(y) = A(y)eiφ(y), (7)

where XR(y) is the real-value data (signal), i =
√
−1 is the imaginary number, XIM(y) is imaginary-

value data, A(y) is amplitude modulation (the envelope of the signal), and φ(y) represents the
phase of the signal. Here, the XIM(y) is the HT of the XR(y). Based on (7), it is convenient to
obtain the extracted phase φ(y) as

φ(y) = arctan
[

XIM(y)

XR(y)

]
(in rad). (8)

Mathematically, the extracted phase φ(y) in (8) is the wrapped phase in the range (−π,+π).
Therefore, the phase in (8) needs an unwrapping process to extract the absolute (actual) phase.
The literature [23, 24] elucidates in detail the algorithm for the unwrapping process.

Figure 3 shows a flowchart of the phase extraction process based on demodulation HT in
BOS imaging. Firstly, a camera captures and records the images (reference and distorted images).
Applying HT in the column-by-column manner of the image pixels converts the real-value images
into complex-valued images, containing real and imaginary parts. The phase of the complex-valued
images can be extracted by (8). The phase resulting from this step is the wrapped phase in the range
(−π,+π). The following step is the unwrapping process to convert the wrapped-phase into the
unwrapped-phase images (desired phase). And then, subtracting both the unwrapped-phase images
gives the desired phase-difference containing the quantitative physical of the schlieren object (in
this case, optical characteristics of the wedge prism). The next step converts the phase difference
into the displacement of fringe patterns using (6). Finally, the process quantifies (converting) the
displacement of fringe patterns into the light deflection angle using (3).
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Fig. 3. Flowchart of the phase extraction process based on demodulation HT in the BOS experiment.

2.3. Experimental Setup

The BOS imaging setup is simple as it requires only two principal components (background
patterns and a single camera). The simplicity of the setup significantly reduces the complexity
associated with aligning the optical components [1]. Figure 4 shows a photograph of the developed
BOS imaging setup. A light source is a white light emitting diode (LED) panel to illuminate
the fringe patterns background printed on transparent materials for (30 × 30) cm. The colour
combination of fringes is black-white to provide a highly contrasting background. The printed
fringe thickness is df rg = 1 mm. As captured by the camera, the background design has an
intensity profile of sinusoidal patterns with a spatial carrier frequency, υy = 0.04 cycle/pixel or
spatial carrier period, py = 25 pixels along the Y-axis. This work used a Hayear CCD digital
camera to provide an image resolution of (1800 × 1920) pixels and the spatial resolution of 1.43
µm/pixel. The lens attached to the camera was a Fujian lens with a focal length f = 50 mm.
Also, the camera had a connection system to a personal computer (PC) for recording the images.
During the experiments, the camera lens focuses on the background patterns. Literature [4]
explains the sensitivity and resolution during the BOS image recording process. As shown in
Fig. 4, the background patterns are adjusted at a distance Z = 1500 mm from the lens. Thus, the
background has a position at infinity (Z � f ), and light rays emanating from the background
patterns are assumed to be parallel (or using the paraxial approximation). The setup using the
paraxial approximation can ignore errors caused by the alignment of optical components, as
described in the literature [9].

In this experiment, the schlieren object is a wedge prism of 4 × 4 cm in size with a known
light deflection angle of 0.57◦ according to the manufacturer’s manual sheets). As shown in Fig. 4,
the position of the wedge prism is at a distance of D = 500 mm from the background. Optically,
a wedge prism has uniform (constant) refractive index gradients [19]. Thus, the light ray passing
through the wedge prism will deflect at the single light angle. This angle is a standard (target)
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Fig. 4. Photograph of the BOS imaging setup.

measured by BOS imaging in the calibration principle. As expected, the deflection angle of light
rays will distort the background patterns and introduce uniform fringe pattern displacements. BOS
imaging can convert the displacements into light deflection angles. The uniformity of angles
represents the refractive index or density gradient at each point (or distribution) in the wedge
prism area. The calibration assesses the difference between the standard and angle measured by
the BOS technique to determine the measurement accuracy level.

3. Results and discussion

In this work, the digital camera captures the fringe patterns background in the grey-level
images in proportion to the light intensity detected by the camera sensor. Firstly, the digital camera
captures the reference image without a wedge prism in the test section of the BOS imaging setup
(as shown in Fig. 4). The photograph in Fig. 5a shows raw data (grey-level) of a reference image.
Next, the placement of a wedge prism in the test section displaces the background fringes pattern
giving a distorted image as shown in a photograph in Fig. 5b. In other words, the image of the
spatial carrier frequency experiences phase modulation caused by the presence of a wedge prism.
Visually, as shown in Fig. 5b, the fringe displacements appear in a single direction (Y-axis),
indicating uniformity. Optically, the gradient of the refractive index in the area of the wedge
prism (indicated by arrows) introduces a single light deflection inducing a distorted image as
captured by the camera. The comparison of the intensity profiles along the white dashed line in
both images clearly shows the phase difference, as shown in Fig. 5c. Hence this work uses the
phase demodulation HT to extract and convert the phase difference into the light deflection angle
of a wedge prism.

The phase demodulation HT initially transforms the data in both images (reference and distorted
images) in a column-by-column manner. The transformation results are the complex-valued images.
The next step extracts the phase images by using (8), as shown in Fig. 6a (reference) and Fig. 6b
(distortion). However, the images (as in Figs. 6a and 6b) are mathematically wrapped phases in the
range (−π,+π). The unwrapping process yields the continuous phase images, as shown in Figs. 6c
and 6d. These images describe the desired (actual) phase. As can be seen in Figs. 7a and 7b, the
plot of phase profiles in the images (along the white dashed line) support the results. The profile of
wrapped phase images shows the curves limited in the range (−π,+π) or the discontinuous valued
phase. In comparison, the profile of unwrapped phase images shows the continuity or linearity in
the Y-axis (in pixel units) according to the physical characteristics of phase in (4) or (5).
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Fig. 5. (a) Photograph of the reference raw image, (b) photograph of the distorted (phase-modulated) raw image aa caused
by the presence of a wedge prism, (c) comparison of the intensity profiles along the white dashed line in both photographs

(images).

Fig. 6. (a) wrapped phase image of reference, (b) wrapped phase image of distortion (with a wedge prism), (c) unwrapped
phase image of reference, (d) unwrapped phase image of distortion.
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Fig. 7. Plot of phase profiles in the images (along the white dashed line) of Fig. 6. (a) Wrapped and unwrapped phase of
reference, (b) wrapped and unwrapped phase of distortion.

Subtraction of the unwrapped phase image in Fig. 6d (distorted) from Fig. 6c (reference) yields
a phase difference image. This image contains quantitative information on the optical characteristics
of a wedge prism (the schlieren object). As in (6), the phase difference data is proportional to the
fringe pattern displacements. Finally, BOS imaging converts the phase differences data into the
data of the light deflection angles of the wedge prism using (3). The images in Figs. 8a and 8b
represent the data distribution of phase difference and the light deflection angles measured by BOS
imaging. Visually, both images show a similarity and high homogeneity, reflecting the optical
characteristics of the wedge prism. The graphics in Figs. 8c and 8d show the profiles along the
vertical and horizontal white dashed line across the image plane of the light deflection angles
(Fig. 8b), respectively. The graphic curves show that all measured data approach the standard
line angle of 0.57◦ as indicated by the blue dashed line. Qualitatively, the results show that BOS
imaging accurately measures the wedge prism with a known light deflection angle of 0.57◦.

Fig. 8. (a) Image of phase-difference, (b) image of deflection angle, (c) horizontal and (d) vertical plot of the deflection
angle profile along the white dashed line in the image (b).
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The assessment of measurement accuracy relies on the subtraction of the measured angle data
from standard angle data (an angle of 0.57◦), which will produce the measurement error. The
plotted data (only 20 data) with the error bars in Fig. 9a shows a result of the measured light
deflection angles along the vertical profile (Fig. 8c). The measured data spatially fluctuate around
the standard line. The small error bars on each data point indicate a closeness of measurement
results with the standard angle of 0.57◦. On the other hand, Fig. 9b shows that the error bars of the
measurements in the horizontal profile (Fig. 8d) appear more significant than the vertical profile
(Fig. 8c). The HT process in the vertical direction (column-by-column) in the images might cause
the measurement results with great error bars.

In this work, the statement of measurement accuracy uses the percentage of error and the best
measurement result (average of measurement data) with uncertainty. As seen in Figs. 9c and 9d,
all measurement generally gives an error percentage of ±1% to ±2% (less than 3%). The results
show that the measurement accuracy of BOS imaging can reach more than 97%. The results of
BOS imaging measuring the light deflection angle of a wedge prism are (0.561 ± 0.013)◦ in the
vertical direction, and (0.556 ± 0.013)◦ in the horizontal direction. Generally, all data of the light
deflection angles show a uniformity near the standard angle of 0.57◦ across the area of the wedge
prism. Also, the results describe the real optical characteristics of a wedge prism. Therefore, the
developed BOS imaging is highly accurate in the light deflection angle measurement.

Fig. 9. Plotted measurement data with error bars (a) horizontal and (b) vertical profile of deflection angle image. Error
percentage (less than 3%) of (c) vertical and (d) horizontal profile of the deflection angle image.

Also, this work attempts to compare the performance of the proposed method with the existing
literature in calibrating BOS imaging. Although based on different BOS imaging setups, Table 1
gives a comparison of the calibration results. The performance comparison relies on quantitative
error percentage assessment. As shown in the table, the proposed method provides calibration
results with the smallest error percentage compared to the others. Despite using two wedge prisms
with different light deflection angles as calibration standards, the proposed method also appears to
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have a smaller error percentage when compared to the literature [16]. From Table 1, the proposed
method is more accurate than other calibration methods. It can also be concluded that periodic
patterns (fringe patterns) outperform random dot patterns as the background in BOS imaging.

Table 1. Comparison of the calibration results.

Literatures/
Proposed
Method

Type of
background

pattern

Image
Processing

Method

Standard
(schlieren
object for

calibration)

Result in error
percentage (%)

Type of
measurements

[4] Random dot DIC Plano-Convex
Lens – Qualitative

[15] Random dot DIC Gases 6.9 Quantitative

[16] Random dot DIC
Wedge Prism

(light deflection
angle of 1◦)

3 Quantitative

Proposed
Method Fringe Pattern Phase

Wedge Prism
(light deflection
angle of 0.57◦)

1–2 Quantitative

4. Conclusions

The fringe patterns as the background and a wedge prism as a schlieren object have successfully
calibrated the BOS imaging based on the measurement of the light deflection angle. The
measurement relies on the phase demodulation HT of displaced fringe patterns (distorted image)
due to the wedge prism in the test section of the BOS imaging setup. The demodulation process
obtains a phase difference between the reference and distortion images captured by a digital
camera. BOS imaging converts and reconstructs the phase difference into the image of the light
deflection angles. The calibration procedure assesses the measurement accuracy through the
deviation of the angle measured with BOS imaging with the known angle of 0.57◦ introduced
by a wedge prism. The calibration results show that the measurement accuracy of the developed
BOS imaging can reach more than 97%. The results of BOS imaging measured across the image
of light deflection angle are (0.561 ± 0.013)◦ in the vertical direction and (0.556 ± 0.013)◦ in
the horizontal direction. Generally, the results show a uniformity near the standard angle across
the image area and describe the optical characteristics of a wedge prism. Also, the results of
a comparison show that the proposed method is more accurate than other calibration methods
and fringe patterns outperform random dot patterns as the background in BOS imaging. Thus,
using a wedge prism in the calibration of BOS imaging ensures the high accuracy level of light
deflection angle measurement simply and easily. Soon, the proposed calibration method can be
adopted to validate a BOS imaging instrument for measuring quantitative the physical properties
such as refractive index, density, and temperature of a transparent medium in 2-D visualization in
a non-contact and non-intrusive manner.
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