Considerations and improvements of the analysing algorithms used for time resolved PIV of
wall bounded flows
G. Usera2,1 , A. Vernet1, J. A. Ferré1
1

2

Dep. Enginyeria Mecànica, Universitat Rovira i Virgili, Av. Països Catalans 26,
43007 Tarragona, Spain, jaferre@etseq.urv.es

Instituo de Mecánica de los Fluidos, Univ. de la República, J. Herrera y Reissig 565, 11300, Montevideo, Uruguay,
gusera@fing.edu.uy

ABSTRACT
In this paper, specific aspects of the time resolved PIV technique applied to turbulent wall bounded flows are addressed.
The aim is to exploit the enriched information content of time resolved PIV series of images to overcome some issues
that affect the PIV measurements, and to improve the performance and accuracy of the technique, specially near wall
boundaries.
The use of the time history of local pixel brightness allows the removal of spurious permanent reflections that deteriorate
the detection of the correlation peaks. Further, in resolved time series of PIV images the use of multiple image correlation
methods is suggested. One of such methods, involving the simultaneous correlation of three consecutive images is
proposed, and it is shown that it can enhance the displacement peak in the correlation plane.
For the specific case of wall bounded flows, a method to improve the accuracy of PIV image analysing near image
boundaries is presented, that can be applied to both iterative and non iterative correlation methods. The correction is
based on the accurate computation of the actual placement of the velocity vector estimation when the interrogation area
overlaps the image boundary. This computation is based on the relative displacement of the centre of mass of the
truncated weighted window, as shown if the accompanying sketch. The resulting correction is then applied to compensate
the profile distortion, as in the plot below. It is shown that the proposed method keeps the error level in near boundary
zones to the same level found far away form the boundaries, outperforming standard algorithms in this aspect.
Figures : (Upper right) Sketch of interrogation location displacement due to boundary cropping of interrogation area.
(Lower left) Representative profile compensation due to estimation location displacement. Raw measured profile
(-o-), and boundary compensated profile (-□-)

1. INTRODUCTION
In this paper, specific aspects of the time resolved PIV technique applied to turbulent wall bounded flows are addressed.
The aim is to exploit the enriched information content of time resolved PIV series of images to overcome some issues
that affect PIV measurements, and to improve the performance and accuracy of the technique, specially near wall
boundaries. Thus, some of the issues addressed here are common to general PIV applications, while others are specific to
wall bounded flows. In section 2, considerations upon the processing of time resolved PIV records will be presented
which address the loss of correlation in interrogation methods caused by the presence of reflections (section 2.1) and the
out of plane motion (section 2.2). After that, in section 3, the treatment of the interrogation process near wall boundaries
is addressed, with the aim of increasing the accuracy of near wall measurements. Conclusions will follow, in section 4.

2. TIME RESOLVED PIV
Within the scope of this work, the ‘time resolved’ character of PIV measurements will be defined in relation to the time
scales of the turbulent flow, as follows. A time series of PIV images will be considered to be ‘time resolved’ if the time
step between measurements is smaller than the Taylor micro scale of the turbulent flow under study. Since this scale
governs the initial decay of the auto-correlation, the condition implies that significant correlation exists between
consecutive measurements. Figure 1, shows a representative auto-correlation function for the measurements used in this
work, where it can be seen that the time step is smaller than the Taylor micro scale computed from the curvature of the
auto-correlation function at the origin (λT ~ 3.2 time steps), and about one order of magnitude smaller than the integral
time scale of the turbulent fluctuations (T ~ 15.3 time steps) .

Fig. 1. Representative auto-correlation function from a time resolved PIV measurement.
An alternative estimation of the order of mangitude of the ratio between the Taylor micro scale and the integral scale of
the flow (defined as length scales) might be derived from (Tennekes, 1972) :
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where Rel ~ 2*102…1*103 for the experiments reported here (equivalent to Re ~ 1*103…5*103). This estimate is
consistent with the values computed above (λT/T ~ 0.2) from the auto-correlation function.
2.1 Use of the time history statistics of local pixel brightness
A first set of considerations and improvements on the processing of time series of PIV images can be brought forward
regardless of the characteristics of the flow being measured. These measurement records span time, as well as spatial
dimensions in the image plane. Thus, the time history of the illumination at each image location or pixel is available, and
its statistical properties can be analysed. For instance, the median value of the illumination at each point provides
information regarding the permanent background illumination which frequently reveals the existence of spurious
reflections, or stick to the wall particles that adversely affect the detection of the actual displacement of the particles. The
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use of the median rather than the mean makes the procedure more robust although more costly. Figure 2a presents an
80×80 pixels close up region of the field of view, near a corner, for one single instantaneous image. Figure 2b shows the
median image from a time series of 512 images, while Figure 2c displays the difference between Figures 2a and 2b. Note
that the grey scale has been inverted, therefore particles appear as black spots. It can be clearly observed that the large
reflection on the upper left corner has been removed, as well as other smaller spots along the wall.

(b)
(c)
(a)
Fig 2. Reflections removal by median estimator across time series. (a) Original image, (b) median image, (c) difference
image. The thin line indicates the position of the wall.
The main advantage of the procedure is to avoid spurious correlation peaks due to the presence of permanent bright
spots. Rather small, distributed, permanent spots as those appearing along the upper edge are specially important to
remove, since they tend to ‘lock’ the correlation to null displacement. While similar results may be achieved by using
‘background’ images, i.e. recorded without particles in the flow, the procedure presented here is simpler because it is not
always straightforward, or even possible, to record such ‘background’ images.
In many cases large reflections cause the saturation of areas involving several pixels, so that particle image information
can not be recovered there. However, in the case where ‘mild’ reflections occur, not reaching the saturation level, image
particle information can still be recovered by proper treatment of the local brightness histogram, as pictured in figure 3.

Fig 3. Example of particle image recovery near the permanent bright spot of figure 2. (25x25 pixels close up). From left
to right : Original instantaneous pattern (left), median pattern (centre) Original instantaneous image, and
difference image with brightness re-scaled (right).
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2.2 Triple image correlation
The loss of correlation due to out of plane displacement can also be mitigated when dealing with well resolved time
series of PIV images, as defined in section 2. Any given image can in principle be paired with either the next or previous
image in the time series. As long as the out of plane displacement is kept smaller than half the laser sheet thickness, every
particle present in one image will have its counterpart in either the next or previous image of the time series. Thus, a
correlation algorithm involving the three images should prove more robust to out of plane motion than the usual single
pair correlation algorithm. The algorithm used here implements this strategy by multiplying both correlation planes in
order to improve the peak detection. A similar approach was proposed in another context by Hart (1998, 1999). This
leads to the attenuation of the spurious correlation peaks appearing in only one of the correlation planes, while increasing
the absolute height of the valid peak.
The scheme for the proposed ‘triple image’ correlation is illustrated in Figure 3. For the image frame corresponding to
time ti in the time series, two correlation planes are obtained from the image pairs (ti-1,ti) and (ti,ti+1). These correlation
planes are combined (multiplying them) into the lower correlation plane showed in figure 3, which exhibits an enhanced
correlation peak.
ti-2

ti-1

ti+1

ti

ti+2

Fig. 3. Scheme of triple image correlation and sample of correlation peak improvement. Right and left correlation planes
have been combined (multiplied) into the central one, which exhibits an enhanced peak
The conclusion that can be drawn from Figure 3 is that the peak obtained from the triple correlation approach is more
clearly detectable than the corresponding peaks on the standard (double) correlation planes. This is the result of the
cancellation of those spurious peaks than appear in only one of the two correlation peaks, which can occasionally attain
higher values leading to the erroneous estimation of the displacement of the particles
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3. TREATMENT OF INTERROGATION NEAR WALL BOUNDARIES
It is usually required to obtain reliable displacement information at locations that are closer to the image boundaries than
one half of the interrogation area size. That is the case in wall bounded flows and in general when using image
deformation algorithms as those presented in Nogueira et al, 2001, Lecordier et al, 2003, and Scarano 2003. Both
motivations are present in this work. There are several factors that limit the resolution of PIV measurements, and thus the
capacity to obtain velocity vector estimations close to the image boundary. Ultimately the resolution will be limited by
the size of particle images and the mean spacing between them. However, for the case of near image boundaries
estimations, the much larger size of the interrogation area plays a determinant role as will be explained next. This is the
issue we will focus on in this section.
3.1 Identification and compensation of error source
In figure 5., a sketch of a generic PIV image is presented, with several interrogation areas placed at different locations.
Interrogation areas (a) and (b) lay completely inside the image boundaries, since their geometric centres are not closer to
any boundary than half the interrogation area size (IAs/2). Thus, in those cases no special treatment will be required.

Fig 5. Sketch of PIV image with boundaries, and samples of inner interrogation areas ( (a) , (b) ) and boundary affected
interrogation areas ( (c) , (d) ).
The cases of interrogation areas (c) and (d) differ from the previous ones however, since they lay only partially within the
image boundaries, with the shaded parts of each area being outside the image boundaries. In the case of interrogation area
(d) the geometric centre has even been placed outside the PIV image. It is clear however than, even in this last case, the
resulting velocity vector estimation form the interrogation process should be assigned to a point inside the PIV image,
since the only valid information is provided by those pixels covered by the interrogation area that also lay within the
image boundary (i.e. all the pixels laying in each interrogation area except those within the shaded areas). From the
discussion below it should also become clear that the geometric centre of the interrogation area is not the correct
placement for the obtained velocity vector estimation in situations as those represented by cases (c) and (d).
Thus, when the described situation occurs, caution must be exercised in order to correctly determine the actual location
of the velocity vector estimation delivered by the interrogation process. In other words, the boundary proximity effect
does not produces a necessarily bad estimate, but rather a misplaced estimate, whose location differs from the expected
one. The sketch of figure 6(a) illustrates this issue, for a given weighting function. For inner locations, separated from the
image boundary, by more than half of the interrogation area size, the velocity vector estimation is correctly placed at the
geometric centre of the interrogation area. Accordingly, the geometric centre P1 of the interrogation area is coincident
with the centre of mass G1 of the weighting function.
However, at locations near the image boundary, the velocity vector estimation will be offset inwards due to the truncation
of the weighted window. This effect can be approximated (at least at first order) by the actual placement of the centre of
mass G2 of the truncated weighted window, which would be the correct placement for a simple weighted mean estimator.
Although the velocity vector estimation by interrogation algorithms is far from being a linear operation the proposed
modelling of the estimation location displacement seems a reasonable one, and will be proven to be accurate through
testing with synthetic images in section 3.2.
The centre of mass position of the truncated weighting function is obtained in the usual way, through the first moment of
the weighting function normalised by its area as shown in figure 6(b) and equation 2, where f(x) stands for the selected
weighting function :
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Notice that the centre of mass G of the truncated weighted window will always fall within the image boundaries, even if
the geometric centre of the weighted window falls outside the image. In fact x(G) will always be larger than xo, as far as
the weighting function is positive and the weighted area inside the image remains non null.

Fig 6. (a) Sketch of interrogation location displacement due to boundary cropping of interrogation area (left). (b) Centre
of mass position computation (right)
In figures 7 and 8, results of this computation are presented for two types of weighting functions. The first one will be
referred to as ‘LFC-PIV’ window, and is the one proposed in Nogueira et. al (2001) for their Local Field Correction PIV
method. In fact the iterative version of the algorithms used in this work follow largely the guidelines given in that work.
The second one is the traditional gaussian weighting function and will be referred to, in this work, as ‘Gaussian’. The
abscissa correspond to the location estimations for the centre of mass of the weighting function, for each position of the
geometric centre of the interrogation area, which is given in the ordinates. All co-ordinates are given relative to the
boundary, positive values corresponding to locations inside the image, while negative values correspond to points outside
the image.

Fig 7. Velocity vector estimation location displacement due to boundary cropping of interrogation area. “Gaussian” 32
pixels wide window.
It can be seen that significant displacements of the centre of mass relative to the geometric centre occur, and thus that the
proposed correction will be significant. For instance, when the geometric centre of the interrogation area is placed at the
image boundary, the actual position of the obtained estimate would be more than six pixels away for the case of 48 pixels
wide ‘LFC-PIV’ weighting function (figure 8) and almost 4 pixels away for the case of 32 pixels wide ‘Gaussian’
weighting function (figure 7). That the proposed correction is also accurate will be shown later, in section 3.2, when
results from tests with synthetic images are discussed.
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The displacement lines in figures 3 and 4 end a few pixels away from the boundary reflecting the fact that it is not
possible to obtain a measurement arbitrarily close to the boundary. Actually, the interrogation area centre can hardly be
pushed more than 10 pixels out of the image boundary without a significant loss of correlation and robustness of the peak
detection process, although this limit depends on the width of the interrogation windows and weighting functions, and of
course on the image properties. Still, displacement estimations closer to the boundary than five pixels are achievable with
the proposed method, as will be shown in section 3.2. Of course, as mentioned above, the particle image size and mean
spacing between particles, will ultimately limit the reliability of estimations obtained close to the image boundary.

Fig 8. Velocity vector estimation location displacement due to boundary cropping of interrogation area. ‘LFC-PIV’ 48
pixels wide weighting function.
In figure 9 a sample velocity profile is presented, with both the raw measurement and the profile compensated for the
described effect, being pictured. The aim in figure 9 is to clarify the boundary effect and how the displacement
compensation works, while quantitative assessments on the benefits and weakness of the method will be deferred to
section 3.2. The profile presented corresponds to a boundary layer, the wall being placed at the image boundary, and
coincident with the abscissa origin. The image was processed with an 48 pixels wide ‘LFC-PIV’ weighting function, with
an 8 pixels grid spacing. Results from a non iterative run are presented. The ‘circles’ line (-o-) corresponds to the raw
measured profile, while the ‘squares’ line (-□-) corresponds to the profile compensated for the estimation location
displacement due to boundary cropping of the weighting function, following figure 8. The arrows indicate the
corresponding points in the raw and compensated profiles, where was deemed necessary for added clarity.
The first aspect to be noticed in figure 9, is that compensated estimation locations lay within the flow domain, even if the
interrogation area centre lies outside the flow domain, in this case to the left of the image boundary or wall at negative
pixel co-ordinates. Also, it can be seen that negligible compensation is produced for points whose distance to the wall is
grater than half the weighting function width, with the interrogation area cropping due to the image boundary affecting
only the points closer to the image boundary.
One piece of information included in the compensated profile of figure 9, comes from a different source. The knowledge
that the velocity is null at the wall, due to the non slippage condition has been used to extend the profile up to the wall
from the first compensated location away from it. This section of the profile is presented with a dashed line. For non
iterative interrogation methods, this extension is of little interest, and might even be questioned since it introduces
information that does not directly follows from the individual experiment. However, in the case of iterative pattern
deformation algorithms, it is of grater importance since every pixel in the image has to be associated with a velocity
vector estimation to produce a new deformed image pattern.
While in this work only wall boundaries will be considered, the proposed method can be extended to other type of
boundary conditions, as specified flow inlets and null gradient open boundaries. Also similar treatments could be adopted
to deal with inner flow boundaries and corners within the PIV image, as those resulting from the presence of obstacles or
flow domain boundaries.
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Fig 9. Representative profile compensation due to estimation location displacement. Raw measured profile (-o-), and
boundary compensated profile (-□-)
3.2 Testing with synthetic images
In this section we present results from the evaluation of the proposed method for the treatment of PIV image
interrogation near boundaries. Quantitative results and error estimations were drawn from tests with synthetic images.
These were generated with an in house, Matlab based, software. Image size was 256x256 pixels, with mean spacing
between particles of 6.3 pixels and mean particle size of 2.2 pixels. Particles were randomly distributed, and so were their
sizes about their mean value and the out of plane displacement to mimic particle brightness variations and loss of
correlation between consecutive images. It should be kept in mind, however, that we are not pursuing here
comprehensive testing of the robustness and performance of the interrogation procedure subject to different image
qualities. Rather we intend to test a proposed method to correct a systematic error being made by standard interrogation
algorithms in near boundary situations. The problem being addressed, as well as the proposed solution, are largely
insensible to image properties, provided that the seeding is kept sufficient and homogeneous near the boundaries.
To start with, a simple linear displacement profile along a wall was considered, as pictured in figure 10. The constant
gradient k was allowed to take values of 0.02, 0.05 and 0.10 pixels/pixels, for unit time intervals between images.

Fig. 10. Linear displacement field.
In figures 11 (a), (b) and (c) results are presented from the interrogation of these images for the non iterative version of
the interrogation algorithm, with different weighting functions, respectively : 48 and 32 pixels wide ‘Gaussian’ window
and 48 pixels wide ‘LFC-PIV’ window. The expected behaviour near the boundary is verified in these figures. The
profile obtained with the standard interrogation algorithm increasingly deviates from the exact result as the boundary is
approached. Notice that, while all interrogation locations have been plotted, those obtained at negative positions are
meaningless for the case of the standard algorithm. These same displacement estimations are used to construct the
boundary compensated profile, obtained as illustrated in figure 9, which shows no systematic deviation from the exact
profile as the boundary is approached.
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(a)

(b)

(c)
(d)
Fig 11. Linear displacement fields processed with non iterative interrogation method. Standard interrogation (-o-),
boundary compensated interrogation (-∆-) and exact profile (--). (a) 48 pixels wide ‘Gaussian’ window (b) 32
pixels wide ‘Gaussian’ window (c) 48 pixels wide ‘LFC-PIV’ (d) Relative error plot. Standard interrogation ( o,
dashed line) and boundary compensated interrogation (∆, solid line)
In each figure, it can be observed that the deviation for the non compensated case increases, at any location, with the
displacement field gradient k. This behaviour was to be expected since, at any given location, the deviation will be
roughly proportional to the gradient times the distance between the geometric centre of the interrogation window and its
weighted centre of mass. At the same time this last distance increases for increasing weighting windows widths, and thus
the deviation should also do so. Comparing figures 11(a) and 11(b), which correspond to 48 and 32 pixels wide Gaussian
windows respectively, this effect is also observed. In figure 11(a) the deviation starts to be significant at about 20 pixels
from the boundary, and reaches a magnitude of almost 0.6 pixels at the boundary location for the case k=0.10. On the
other hand, in figure 11(b), the deviation is noticeable only 10 pixels from the boundary and falls short of 0.5 pixels at the
boundary for the same value of the gradient k. In fact the use of slender interrogation areas, has already being proposed
before as a mean of increasing the accuracy of PIV measurements near walls ( Scarano, 2003).
The preceding paragraphs stress the fact that the significance of the systematic error being addressed here largely
depends on the gradient of the displacement field near the image boundaries. That is, measurements in flow fields which
are mostly uniform near image boundaries would be little affected, while measurements in flows exhibiting large
gradients near the boundaries, as boundary layer flows for instance, would be affected the most.
It must also be stressed that, in the proposed correction method, only the placement of the estimations is being altered,
while their values are not. Thus estimation errors inherent to the interrogation process should remain, but only at roughly
the same level they occur far from the boundary. This can be clearly observed in figure 11(d), where the errors, relative to
the displacement value, have been plotted for all the test cases considered above with 48 pixels wide weighting windows.
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It is seen that the relative error greatly increases, for the standard algorithm, as the boundary is approached far exceeding
the 50% level. On the other hand, the relative error only moderately increases for the boundary compensated case,
roughly remaining at a similar level to that found far from the boundary, almost entirely below the 20% level and mostly
below 10%. A decrease of the error below that level was not to be expected, since the method used to determine the value
of the velocity vector estimation has remained the same.
Next, a displacement field with a profile closer to those found in typical boundary layers will be considered, as pictured
in figure 12. The profile, modelled after a simple exponential expression, verifies the non slip condition at an imaginary
wall placed at the image boundary, and reaches a free stream displacement of 3 pixels, at a distance of 20 pixels from the
wall, as plotted in the dashed line of figure 13. With a mean gradient of 0.3 pixels/pixel in the first 10 pixels, the selected
profile presents a challenge to non iterative interrogation algorithms and offers an opportunity to test the proposed
boundary treatment method with both non iterative interrogation algorithms and iterative pattern deformation
interrogation algorithms. The later are expected to outperform in moderate and high gradient situations as the one
presented here. It will be seen however that they still suffer from the same type of boundary induced distortion verified
for the standard non iterative algorithm and thus the use of the proposed boundary compensated method again results in
an improved accuracy near the boundary.

Fig. 12. Exponential displacement field
Results from interrogation with non iterative algorithms are presented in figure 13 for the present case. While the match
to the prescribed profile is less accurate, as expected due to the increased gradient, the improvement due to the boundary
compensation is still evident. It should be kept in mind that the boundary compensation method proposed here can not
recover from inaccuracies incurred at interrogation time, as those related to moderate or high gradients situations. To
overcame this issue iterative pattern deformation interrogation algorithms should be used, in combination with the
boundary compensation method, as will be presented next.

Fig 13. Exponential displacement field processed with 48 pixels wide ‘LFC-PIV’ window, non iterative interrogation
method. Standard interrogation (-o-), boundary compensated interrogation (-∆-) and exact profile (--)
Figure 14 resumes results for iterative algorithms. Results from first iteration ( 14.a ) and fifth iteration ( 14.b ) are
presented. While the iteration could be continued further for increased accuracy, it is enough to make the point on the
improvements delivered by the boundary compensation method.
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Fig 14. Exponential displacement field processed with 48 pixels wide ‘LFC-PIV’ window, iterative pattern deformation
interrogation method. Standard interrogation (-o-), boundary compensated interrogation (-∆-) and exact profile
(--). (a) First iteration. (b) After 5 iterations. In frame (b), first iteration profiles are reproduced in dashed line,
for easier comparison
First of all, an improved match to the prescribed profile is obtained, with respect to the non iterative case, for both the
standard and boundary compensated interrogation. However, in the area closer to the wall, the match is much improved
for the boundary compensated case. This can be quantitatively observed in figure 15, where the relative error has been
plotted for both standard and boundary compensated methods, and for different iteration steps.

Fig 15. Relative error plot for iterative pattern deformation algorithm. Standard interrogation ( o, dashed line n=1, solid
line n=5) and boundary compensated interrogation (∆, dashed line n=1, solid line n=5)

4. CONCLUSIONS
Time resolved PIV gives rise to new opportunities and requirements for analysing algorithms. While the direct
application of standard algorithms to isolated pairs of images is possible, definite advantages can be obtained by adapting
the algorithms to the singular characteristics of time resolved PIV records. The ability to differentiate particles from
permanent bright spots, and to remove the latter, allows the reduction of spurious correlation. In well resolved time series
of PIV images, multiple image correlation algorithms can improve the peak correlation delectability in rather strong out
of plane motion situations. A simple triple image correlation algorithm is presented in this work.
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Finally the PIV interrogation near wall boundaries has been shown to require careful consideration of the actual
placement of displacement estimation, which is affected by the truncation of the interrogation area and weighting
function. This is specially important when resolving boundary layers and in the application of iterative image
deformation algorithms to prevent distortions near image edges. Standard algorithms produce distorted results near image
boundaries due to the cropping of the interrogation area and weight function which produces a misplacing of the
displacement vector estimate. A solution to this problem has been proposed, based on a first order approximation to this
distortion through the computation of the actual placement of the cropped weighting function centre of mass. It has also
been shown how this correction can be implemented for both non iterative interrogation algorithms and iterative pattern
deformation interrogation algorithms. Similar methods to the one proposed here could be derived for use with other
boundary conditions commonly encountered in fluid dynamic studies, as specified inlet profiles or null gradient outlets.
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