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Aškerčeva 6, 1000 Ljubljana, Slovenia
e-mail: janko.slavic@fs.uni-lj.si

Abstract
In recent years high-speed cameras have seen great progress, both in hardware performance as well as in the
progress of image processing methods. Digital image correlation methods have been around for decades, but
only in recent years those methods have been extended to the experimental modal analysis. If compared to
classical still cameras, the high-speed cameras are expensive. Still as well as high-speed cameras offer great
spatial resolution.
This article presents a new approach, the Spectral Optical Flow Imaging (SOFI), where classical (still) cam-
eras are used to capture spectral components (real and imaginary) of a vibrating structure. It is shown that
one spectral component can be obtained from three still pictures. Theoretical background is supported with
an experiment; the results are compared to the high-speed camera approach.

1 Introduction

Photogrammetric displacement measurements using high-speed cameras and various optical flow image pro-
cessing algorithms such as digital image correlation [1] and other frequency based methods [2, 3], are in-
creasingly being used in modal analysis [4]. Displacement measurements from images are non-contact and
produce dense, simultaneous, full-field measurements accurate to within 1/100 of a pixel between frames
and 1/10000 of a pixel in the amplitude spectrum [5]. Implementing a stereoscopic camera set-up, three-
dimensional displacements can be measured [6].

Photogrammetric measurements suffer from high equipment costs in case of using high-speed cameras,
which typically cost many tens of thousands of euros, and up to a few hundred thousand euros for a stereo-
scopic pair of higher-end cameras. To reduce the equipment costs, single-camera measurement approaches
have been explored; the stereo information can be acquired with repeated measurements at different an-
gles [7] or by using a dividing mirror, producing two viewing angles for a single camera [8, 9]. A num-
ber of researchers have used lower-speed cameras to measure structural dynamics, by under-sampling and
remapping the time instances [10], or by using frequency zooming and allowing for aliasing [11], also the
researchers that extracted sound from vibrations in videos [12] were able to use the rolling-shutter effect to
sample high frequencies from a normal DSLR camera video. Compared to high-speed cameras, still-frame
cameras typically boast a higher colour-intensity resolution (typically 14-bit) and a higher pixel resolution,
ranging in multiple tens of mega-pixels, at a cost of only 500–2000 euros.

This research reviews the Spectral Optical Flow Imaging (SOFI) measurement technique introduced in [13]
that uses a still-frame camera and harmonically varying illumination to measure individual displacement
spectral components.
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2 Spectral Optical Flow Imaging

Spectral optical flow imaging (SOFI) was introduced in [13]. The method is briefly explained here, however,
for more details, please refer to the original publication.

A radiance field r((x, y), L) is produced by light L being reflected from the structure’s surface P (x, y)
(where (x, y) are the coordinates of the camera’s image plane):

r
(
(x, y), L

)
= P (x, y)L (1)

The radiance is converged by a lens and projected on the camera’s sensor where it gets integrated over a set
exposure time Te to produce pixel intensities I(x, y):
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By assuming small displacements, a displacement s will produce a change in the radiance approximately
equal to:
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where ∇r is the radiance gradient. Relation (3) is based on brightness conservation and is commonly used
to estimate the displacements based on the intensity gradient in Optical Flow methods, such as Lucas-
Kanade [1]. The equation is typically written in the form of pixel intensities instead of radiance. Unlike
typical Optical Flow, Spectral Optical Flow implements a harmonically varying illumination:

L(t) = L0 + LA sin(ωl t), (4)

which produces the following radiance relation:
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By integrating both sides of the equation (5) over the exposure time Te and neglecting non-significant terms,
the following relation can be produced:
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the above equation indicates that an image of a vibrating structure illuminated with a harmonically varying
light (blinking & vibrations image) is composed of a motionless image under constant illumination (reference
image) and the distortion caused by the displacement spectral component, which is a product of the illumi-
nation scaling, the reference image gradient and the displacement spectral component Ss
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By using different illumination frequencies ωl and by changing the phase of the lights relative to the vibra-
tions, other spectral components can be measured. The frequency of interest is not limited by the camera
and can be very high (in the range of kHz) as long as the displacements are significant enough to be identi-
fied. Relatively small displacement amplitudes can be measured, because a typical displacement resolution
between two images is in the range of a hundredth of a pixel, provided that the gradient in the pixel (x, y) is
appropriate [5].

The displacement amplitudes Ss((x, y), ωn) and Sc((x, y), ωn) are displacements in the direction of the im-
age gradient only. The 2D displacements can be determined by identifying displacements of larger subsets of
the image (e.g. 20×20) containing various gradient directions. Perhaps the most prominent 2D Optical Flow
is the Lucas-Kanade method. To obtain appropriate 2D results using SOFI, the identified displacements using
Lucas-Kanade need to be scaled according to the illumination 1/(LA/L0), as indicated by Equation (7).

3 Practical considerations

Spectral Optical Flow Imaging is analogous to the Fourier transform and is therefore affected by windowing
effects [14]. To avoid windowing effects, the exposure time Te should preferably match multiples of the
displacement and illumination harmonic periods.

To obtain valid results, the cumulative motion should be very small, so as not to violate the small motion
assumptions made in Equation (3). The motion should not exceed the area of gradient linearity, the size of
which depends on the filmed pattern, however a rough value would be 1 pixel of motion.

When performing experiments a problem was made apparent. It was observed that sequential frames cap-
tured by the consumer camera produced apparent displacement fields. Since SOFI works by identifying
displacements between frames, these apparent displacements can cause erroneous data. The apparent dis-
placements were observed for completely stationary conditions measured on a vibro-isolated granite block.
We believe that the source of the apparent displacements is the result of the jerk caused by the retraction of
the mirror and the operation of the mechanical shutter of the camera taking still images. It is believed that
the jerk causes shifts of the lenses, thereby distorting the image ever so slightly. Figure 1 shows an example
of such apparent displacements. The apparent displacements typically range around 0.1 pixel, which is sig-
nificant. The problem can be solved by filming a video instead of taking still images, because in that case no

0.2 pixel

Figure 1: Apparent displacement fields believed to be caused by the jerk of the camera shutter and / or the
mirror retraction

mechanical operation is present during the capture. Still images can be produced from video by setting the
exposure time to match the period of the camera’s frame rate, this way no significant discontinuation of the
intensity integration (2) are present when cumulating the video frames into a still frame.
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Another reason for displacements between frames can be the result of actual displacements, such as rigid
motion between the reference image taken for stationary conditions and the blinking & vibrations image.
To account for these displacements we would acquire the reference image during operation, but keeping the
light constant. This is because such an image is approximately equal to the reference image:
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because the integral of the s
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)
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)
part is zero for harmonic motion when the exposure

time Te is a multiple of the periods of motion s(t) and the displacements are small (within the area of gradient
linearity).

4 Experimental set-up

To capture a frequency component three images need to be acquired; a reference image, an image at sine
phase illumination and an image at cosine illumination. Figure 2 shows an example of a capture procedure
with orange indicating the excitation force, which for the given case was single harmonic, and blue indicating
the measured light intensity. The close-up shows the three different illumination conditions, which each
produce their separate images. During the acquisition of the separate images the response is considered to
be indifferent. It should be noted that the excitation does not need to be single harmonic for SOFI to work,

sinereference cosine

time [s]

time [s]

Figure 2: Measured illumination and force during five repetitions of a SOFI measurement for the frequency
component fl = 32.71 Hz

SOFI captures only a selected frequency component even for a multisine excitation (for example see [13]).

The phase matching between the SOFI measurement and the force measurement is achieved by syncing the
illumination with the excitation.
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To produce a harmonically varying illumination a simple feedback-loop circuit can be created to linearly
control the LEDs (Light Emitting Diodes), or some other light source. The feedback should preferably be
intensity based, for instance from the current sense of a reference photodiode placed in line of the illumi-
nation. Another control strategy could be using pulse width modulation (PWM) to power the LEDs. Our
experiments were produced using the feedback regulation.

5 Operational modal analysis experiment

SOFI was demonstrated for an operational case of an electric motor running at a set frequency in [13]. The
motor’s frequency of rotation was PID-controlled and set to be 125 Hz. The PID kept the motor’s rotation in
phase with the lights with an error lower than 4.5◦ over the 3 s required to capture the reference image and the
two images with varying illumination. This experiment was performed before the inconsistencies between
frames were noticed, this is why the still images were acquired with a Nikon D5300 DSLR consumer camera
at 24 megapixel (the area of interest was later limited to 3576×3616 to fit the front of the motor fixture). The
DSLR exposure time was set to 1/5 s to be in line with the assumptions made in Section 3. The other capture
settings were fixed to produce an optimal exposure spanning the full 14-bit intensity resolution of the camera.
The colour images were transformed to black and white and blurred with a 8×8 subset before processing.
A high-contrast dotted sticker was stuck on the face of the motor fixture, to make the displacements more
apparent due to high gradients.

The experimental set-up is shown in Figure 3. The high-speed camera in Figure 3 is present to monitor the
process, after the SOFI measurement it replaced the DSLR to produce results for the comparison shown in
Figure 4. Figure 4 shows the reconstructed trajectories from the SOFI (DSLR) and the high-speed camera

DSLR

high-speed

camera

LED

lights

tachometer

motor

fixture

proportional

LED controll

Figure 3: The SOFI electric motor experiment set-up

(HS) for the 125 Hz component. The elliptical trajectories are scaled by a factor of 250× and overlaid on
the image captured by the DSLR. The comparison shows agreeing results. The divergence is now believed
to be mostly the result of the inconsistencies between frames caused by the shutter operation, although other
effects, such as non-stationary response, spectral leakage and the small motion assumption may have an
effect as well.

6 Experimental modal analysis experiment

In a later study [15] SOFI was used to perform an experimental modal analysis of a cymbal.
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Figure 4: Overlaid reconstructed trajectories of the measured 125 Hz harmonic using the DSLR (SOFI) and
the high-speed camera (HS). Trajectories are scaled by a factor of 250×.

The cymbal was rigidly fixed at its centre hole and excited using a shaker attached close to the ridge as
indicated in Figure 5.

accelerometer

fixture

lights

light
regulator

excitation
point

DSLR
camera

Figure 5: The SOFI cymbal experiment using shaker excitation

Alongside the images captured by the Nikon consumer camera the excitation force and responses in two
points were measured (one using an accelerometer and one using a laser vibrometer). The single point
response measurements produced by the accelerometer and the laser vibrometer were used to identify the
eigenvalues of the cymbal. The eigenvalues were then combined with 39 full-field frequency components,
measured using SOFI, in a hybrid modal parameter identification [16] to produce the full-field mode shapes.

Figure 6 shows some of the 39 mode shapes (modal constants) obtained from the SOFI measurement in the
hybrid modal parameter identification with the accelerometer eigenvalues. Each shape is accompanied by
the identified eigenvalue in the form of an eigenfrequency fr and damping ζr. Green colour indicates the real
values of the modal constants and red indicates the imaginary values. The intensity of the colours indicate
the magnitude.
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Figure 6: Set of identified mode shapes using the consumer camera and SOFI

7 Conclusion

Spectral Optical Flow Imaging enables the acquisition of full-field operational shapes for frequencies far
above the camera’s sampling rate (frame rate), enabling modal measurements using consumer cameras.
Examples of use are demonstrated for a case of operational modal analysis and experimental modal analysis.

Compared to high-speed camera measurements SOFI is much cheaper, because it works with affordable
still-frame cameras, which have the added benefit of a high pixel count and high bit depth. SOFI produces
valid results comparable to high-speed cameras, however it has proved to be considerably sensitive, due
to the required assumptions. The method requires a set time-varying illumination and only works for small
displacements in the range of approximate gradient linearity. Since the method typically uses three sequential
frames to produce a single frequency component, any inconsistencies between frames produce errors. The
inconsistency between frames caused by the shutter operation force the use of video acquisition instead of
still-frame images, limiting the image quality and resolution. Also, compared to high-speed measurements,
SOFI measurements do not benefit from the noise reduction due to the effect of dithering enabled by high
counts of acquired images [5].
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