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Abstract Due to the geometry of the sensors in digital cameras the velocity information tends to be biased in
certain situations. When particle images are much smaller then the size of a pixel a phenomenon called
“pixel locking” occur, i.e. the displacement information tends to be biased towards discrete pixel values. To
overcome this issue it is often suggested in the literature to slightly defocus the image, so that effectively the
particle images become larger. In this paper we investigate the parameters that affect the pixel locking effect,
and the effectiveness of slightly defocusing the images.

1. Introduction
The technological advancement in camera and laser technology has significantly extended the
applicability of particle image velocimetry (PIV). New cameras offer a higher light sensitivity and
increased image format, while lasers have become more powerful and flexible. This has made it
possible to apply PIV to larger fields-of-view. This implies a reduction of the image magnification
that is applied in measurements. One of the implications is that the particle-image diameter, relative
to the size of the pixels in the camera is reduced. Once the particle-image diameter falls below 2
pixel units, the measured particle-image displacement becomes biased towards integer-pixel values.
This effect is commonly referred to as ‘pixel locking’. When the particle-image diameter falls
between one and two pixel units, the peak locking is usually within acceptable limits, which can be
referred to al mild peak locking; severe pixel locking occurs when the particle-image diameter falls
below one pixel unit. Modern CMOS cameras have pixels with a typical dimension of 20 µm,
which is considerably larger than the typical pixel size between 7 µm and 12 µm for conventional
CCD cameras. Hence, the problem of pixel locking becomes a severe limitation in the applicability
of PIV.
A widespread suggestion to compensate for the effect of peak locking is to slightly defocus the
camera, which increases the particle-image diameter. However, to our knowledge this has never
been appropriately tested. Peak locking may also occur as the result of other aspects of the PIV
system and PIV data processing. In this paper we investigate the effectiveness of a slight defocusing
on the performance of PIV. For this purpose we use a two-camera PIV system, where two identical
cameras fitted with identical lenses observe the same object field. One of the cameras can be
accurately traversed to achieve a slight defocus in a controlled manner.
This paper can be considered as a continuation of an earlier theoretical paper within the same
Symposium series [1].
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2. Theoretical Background
In general, the performance of a PIV system for a given application is characterized by two
parameters: (i) the image density NI, and (ii) the particle-image diameter dτ. The image density NI is
given by [2]:

NI =

C∆z0 2
DI
M 02

(1)

where C is the mean number density of the tracer particles, ∆z0 the light-sheet thickness, M0 the
image magnification, and DI the linear dimension of the interrogation domain. The image density
should be at least 10, so that the interrogation domain contains a sufficient number of particle
images to yield a reliable (i.e., valid) measurement of the displacement [3]. The particle-image
diameter dτ is given by [2,4]:
dτ ≅ M 02 d p2 + ds2

with ds = 2.44 (M 0 + 1) f # λ ,

(2)

where dp is the diameter of the tracer particles and ds the diffraction-limited spot diameter, where f#
is the aperture number of the lens and λ the light wavelength. For common applications, with M0 ~
0.1-0.3, dp ~ 1-10 µm, f# ~ 4-5.6, and λ ~ 0.5 µm, it is found that: dτ ≈ ds >> M0dp, i.e. the observed
particle images are diffraction limited [1]. A typical value for the particle-image diameter is around
6-9 µm. This means that for typical values of the pixel size for CCD cameras (7-12 µm) and for
CMOS cameras (20 µm) that the particle-image diameter is typically around 0.5-1 pixel units. This
is smaller than the optimal value of 2-3 pixel units where the error in the estimation of the particleimage displacement has a minimum of around 0.05-0.1 pixel units [5]. Also, as all particle images
are less than two pixel units in diameter, one can expect ‘pixel locking’ to occur.

Nmax
N

Nmin

Figure 1 Example of a histogram of the fractional part of the displacement in pixel units. The values occur
between -0.5 and +0.5 pixel units. The elevation near zero-pixel displacement and depression near ±0.5 pixels
displacement indicates biasing towards integer-valued displacements, i.e. ‘pixel locking’.
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The occurrence of peak locking becomes visible in a 1-D histogram of the individual components of
the displacement or in a 2-D scatter plot of the displacements. Another way to determine the degree
of peak locking is to consider the histogram of the fractional part of the displacement in pixel units,
i.e. the integer part of the displacement (in pixel units) is truncated, so only the fractional part
between –0.5 and +0.5 pixel units remains. An example of such a fractional histogram is shown in
Figure 1. For flows with a wide range of displacements, this histogram is expected to be flat, as all
fractional displacements are expected to occur with the same probability. The more ‘peak shaped’
the fractional histogram is the bigger the effect of pixel locking. The degree of pixel locking can be
quantified as:

C = 1−

N min
,
N max

(3)

where Nmin and Nmax are the lowest and highest number of counts in the fractional histogram, as
illustrated in Figure 1. Hence, C = 0 indicates complete absence of pixel locking, while C = 1
indicates very strong pixel locking. Figure 2 gives in indication of the shape of the fractional
histogram with a certain degree of pixel locking. Three levels can be distinguished: (i) for C < 0.2
virtually no pixel locking occurs; (ii) ‘mild’ pixel locking occurs for 0.2 < C < 0.4, while (iii)
‘strong’ pixel locking occurs for 0.4 < C < 0.6, and (iv) C > 0.6 indicates ‘severe’ pixel locking.

(a) C = 0.11

(b) C = 0.21

(c) C = 0.30

(d) C = 0.39

(e) C = 0.49

(f)

(g)

(h) C = 0.77

C = 0.60

C = 0.69

Figure 2 Fractional displacement histograms for various levels of the pixel locking parameter C defined in (3).
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3. Experimental Configuration
PIV measurements were conducted in a vertical pipe flow. The pipe has an inner diameter of 10 cm,
and it contains water as a working fluid. A water-filled rectangular glass box encloses the pipe. This
arrangement reduces any optical aberrations as a result of refraction at water-glass-air interfaces. A
spherical cap is placed in the middle of the pipe. Details of this flow facility are given by Poelma et
al. [6]. The mean flow directly behind the spherical cap strongly resembles that of a Hill vortex [7].
This flow is omnidirectional, with a substantial dynamic velocity range. The fluid is seeded with
fluorescent tracer particles with a diameter of 13 µm, that are illuminated with a 0.2 mm thick light
sheet from a 200 mJ/pulse Nd:YAG laser (Spectra Physics, PIV-200). The particles in the light
sheet are recorded by two identical cameras (Kodak, MegaPlus ES-4.0) with a 2048×2048-pixel
image format and a 7.4 µm pixel pitch. The cameras are fitted with identical lenses (Nikon, 55 mm
Micro-Nikkor). The cameras observe the same field-of-view, which is achieved by means of a beam
splitter and a mirror, as shown in Figure 3.
This optical configuration is almost identical to the one used by Poelma et al. [6]. In our case, the
second camera (C2) can be accurately traversed to achieve a well-defined offset between the focal
plane and the plane of the light sheet. In our measurements the second camera was offset with
0.5 mm increments. The (nominal) image magnification is 0.33, so that 1 pixel corresponds to 0.22
mm in the object plane.

(a)

(b)

flow
Figure 3 (a) Schematic of the pipe flow and spherical cap (the rectangular glass box enclosing the pipe is
omitted). (b) Optical configuration for the two cameras (C1 & C2) that observe the same field-of-view by
means of a beam splitter (BS) and mirror (M). One camera (C2) can be traversed with respect to the other
camera to obtain a well-defined defocused image that is identical to the (focused) image of C1.
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Figure 4 shows images of the same tracer particles; one with focused particle images and the other
with out-of-focus images. The overlap is not perfect; the second camera (C2) has a slight rotation of
less than one degree and a small in-plane translation of less than 1 pixel.

Figure 4 Details of images (with inverted gray values) taken by the two cameras. The left image of camera 1 is in
focus, while the right image of camera 2 shows the same tracer particles, but with out-of-focus particle images.
The intensity of the right image was adjusted to give the same apparent brightness as the left image.

The particle-image diameter can be easily determined from the image autocorrelation. Given that
the particle images are well approximated by a 2-D Gaussian shape, the particle-image diameter dτ
is given by [8]:

dτ = dr ×

−4
,
ln(R±1 R0 )

(4)

where dr is the pixel pitch, and R0 and R±1 = R+1 = R–1 are the peak and adjacent values of the selfcorrelation peak [9]. For a normalized correlation we have R0 = 1, so that only the correlation value
adjacent to the peak is required. Figure 5 shows the particle-image diameter as determined with (4)
as a function of aperture number f#, which closely follows the expression for ds in (2) for f# > 11.
For smaller aperture numbers the particle-image diameter is slightly larger as a result of the nonideal optical transfer function (OTF) of the imaging lens. Note that dτ actually increases for f# < 5.6
as a consequence of optical aberration that occurs for large apertures.
This approach is also used to determine the defocused particle-image diameter.

Figure 5 The particle image diameter (in pixel units) as a function of the aperture number f#, as determined by
means of (4).
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3. Results
First the velocity field for the flow around the spherical cap was determined. Figure 6 show an
example for the instantaneous velocity field and the mean velocity field averaged over all PIV
frames.

(b)

(a)

Figure 6 Measurement of the velocity field of the flow around the spherical cap. (a) Instantaneous flow field, (b)
averaged flow field over 128 image frame pairs. Color indicate the magnitude of the vertical (u) component.

The average particle image diameter dτ is determined with (4). Figure 7 gives the particle image
diameter as function of the camera position for the defocused camera (camera 2 in Figure 3). The
particle image diameter for the focused camera (camera 1 in Figure 3) is 2.33 px. This corresponds
to a focus position of -0.27 mm. The position on camera 2 is corrected by that amount. So the first
data point in Figure 7 is from camera 1, other data points are from camera 2.

Figure 7 Particle image diameter as function of the camera position for camera 2 (defocused). The focus position
was corrected by 0.27 mm to compensate for a difference in position between the two cameras. The first data
point for the 0 mm position is the particle-image diameter for the focused camera (camera 1).
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The degree of pixel locking is evaluated from the displacement histogram and the fractional
displacement histogram, as show in Figure 8.

(b)

(a)

Figure 8 (a) Histogram of the vertical (u) component of the flow velocity. (b) fractional histogram of the u
component

The pixel locking effect is clearly visible, i.e. the measured displacement has the tendency to be
centered around integer values. In this particular case the amount of pixel locking is C = 0.46,
which can already be considered as ‘strong’.
The amount of pixel locking was determined as a function of the focus position. The results are
shown in Figure 9. This shows that pixel locking is somewhat reduced, but no improvement of the
results occurs for an out-of-focus position more than 0.75, which corresponds to a particle-image
diameter of more than 5 px (see Figure 7).

Figure 9 Amount of pixel locking as function of focus position
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To obtain data for images with a particle image diameter less than 1 pixel, the digital images were
sub-sampled by removing every even column and row of the raw images. Figure 10 shows the
fractional histograms of the u component of the velocity for full resolution data and for sub-sampled
data. All histograms were generated from the same data set. The full resolution images have a
particle-image diameter of dτ = 2.39 px. Sub-sampling the images gives a particle-image diameter
of dτ = 1.20 px, and sub-sampling twice gives dτ = 0.60 px.

(a)

(b)

(c)

Figure 10 Fractional histogram of (a) full resolution, (b) sub-sampled images and (c) doubly sub-sampled images

The increase of the pixel locking effect is clearly visible.
Another way of decreasing the particle-image diameter (in pixels) is to apply binning on the
images, which is achieved by combining adjacent pixels. In our case we used a 2-by-2 pixel binning
scheme, i.e. the gray values of 4 neighboring pixels are added up.

(a)

(b)

(c)

Figure 11 Fractional histogram of (a) full resolution images, (b) binned images, and (c) doubly binned images

In this case the pixel locking effect appears to decrease (Figure 11) when the particle image size (in
pixels) becomes smaller. The difference between sub-sampling and binning is that in the case of
sub-sampling the effective pixel fill ratio (i.e., the fraction of the pixel area that is light sensitive) is
reduced, while for the binning approach the fill ratio effectively stays constant (or even slightly
increases). It is rather surprising that the binning yields an improvement of the data quality (i.e., a
reduction of the pixel locking). This may be attributed to the fact that the binning, i.e. averaging the
results of four adjacent pixels, also reduces the relative effect of camera noise. This should be
accounted for, but this is outside the current evaluation. In a previous paper it was shown that pixel
locking is less severe for a high fill ratio [1].
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Figure 12 give the amount of pixel locking as function of defocusing for the full resolution data.
The original particle-image diameter is dτ = 2.39 px, and dτ = 3.68 px and dτ = 5.40 px for the
defocused data. The corresponding amount of pixel locking is C = 0.46, 0.49, and 0.29,
respectively.

dτ = 2.39 px, C = 0.46

(a)

dτ = 3.68 px, C = 0.49

(b)

dτ = 5.40 px, C = 0.29

(c)

Figure 12 Amount of pixel locking as function of defocusing for full resolution data.

Figure 13 gives the amount of pixel locking as function of defocusing for the sub-sampled data. The
particle-image diameters are dτ = 1.20 px, 1.84 px, and 2.70 px, respectively, with a corresponding
amount of pixel locking of C = 0.73, 0.69, and 0.36, respectively.

dτ = 1.20 px, C = 0.73

(a)

dτ = 1.84 px, C = 0.69

(b)

dτ = 2.70 px, C = 0.36

(c)

Figure 13 Amount of pixel locking as function of defocusing for sub sampled data

Figure 14 gives the amount of pixel locking as function of defocusing for the binned data, with dτ =
1.20 px, 1.84 px, and 2.70 px, and C = 0.51, 0.45, and 0.23, respectively.

dτ = 1.20 px, C = 0.51

(a)

dτ = 1.84 px, C = 0.45

(b)

Figure 14 Amount of pixel locking as function of defocusing for binned data
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(c)
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4. Conclusion
We describe an optical configuration that allows us to make a direct comparison between focused
and defocused data. The particle-image diameter at full resolution is more than two pixel units. At
this resolution the data already has some degree of peak locking. Defocusing the image gives a mild
improvement. A reduced resolution is achieved by sub-sampling and binning the original data. Subsampling implies also a reduction of the effective pixel fill ratio, while binning retains a high fill
ratio. The images with reduced resolution show an increase of the pixel locking effect. It is clearly
visible that a reduction of the fill ratio further enhances the pixel locking. This is in agreement with
previous theoretical investigations [1]. The defocused data with a particle-image diameter
comparable to the full-resolution focused images show similar levels of pixel locking. This
indicates that a slight defocusing is indeed effective. However, it remains to be investigated how
this affects the actual flow results. This will be discussed during the presentation. Also, a further
reduction of the resolution would achieve effective particle images that are much smaller than 1
pixel.
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