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estimated from the correlation function of the PIV images. 
Thus, it is possible to optimize the laser alignment to match 
the flow conditions while setting up an experiment. These 
findings help experimentalists to understand and control the 
sources of errors associated with out-of-plane effects and 
help to minimize the measurement uncertainty.

1  Introduction

Today, 3D measurements using PIV and PTV are becoming 
more and more popular, but the majority of measurements 
continue to use planar 2D PIV and PTV techniques. These 
methods are very reliable, robust, and easy to handle. Fur-
thermore, the equipment required for these measurements is 
readily available to many researchers worldwide. The uncer-
tainty of the method is also well characterized (Charonko 
and Vlachos 2013; Sciacchitano et al. 2015; Sciacchitano 
and Wieneke 2016; Timmins et al. 2012; Wieneke 2015; 
Xue et al. 2015; Scharnowski and Kähler 2016a; Kähler 
et al. 2012). This is very important, because accurate meas-
urements together with reliable error estimations are essen-
tial for the measurement process.

Although planar PIV is generally robust, the thin light 
sheet can cause measurement difficulties in flows with 
out-of-plane components, caused by the 3D motion of the 
flow (turbulence) or the orientation of the light sheet with 
respect to the primary flow direction. In these scenarios, the 
tracer particles seeded in the flow move in and out of the 
thin measurement volume if the out-of-plane flow velocity 
is non-zero. A thin light sheet can also exacerbate the impact 
of any unintentional misalignment between the two beams 
of a double pulse PIV laser. However, if a constant out-of-
plane motion is present, as is typical when the measurement 
plane is not perfectly aligned to the main flow direction, a 

Abstract  In 2D particle image velocimetry (PIV), the 
loss-of-correlation due to out-of-plane motion or light-sheet 
mismatch has two effects. First, it reduces the probability 
of detecting a valid vector. Second, it increases the uncer-
tainty measured in velocity fields. The loss-of-correlation is 
commonly determined by the F

O
 factor, which was initially 

proposed by Keane and Adrian (Appl Sci Res 49:191–215, 
1992). However, the present study demonstrates that the 
validity of the original F

O
 definition is confined to cases with 

identical laser intensity profiles. As light sheets usually dif-
fer in width and shape, the proposed definition is of limited 
use in reality. To overcome this restriction, a new definition 
for F

O
 is proposed which covers the effect of light-sheet pairs 

with different shapes and widths. The proposed improve-
ment was validated by means of synthetic PIV images based 
on various light-sheet profiles. The loss-of-correlation for 
the images was compared to the theoretical solution based 
on the light-sheet profiles. The results show that the new 
definition of F

O
 accurately predicts the loss-of-correlation 

for all tested laser mismatches and agrees with the old defini-
tion for the ideal case involving identical light sheets. Based 
on the revised F

O
 definition, prediction of loss-of-correlation 

due to light-sheet mismatches and misalignment is now pos-
sible using a laser profiling camera. This allows the optimi-
zation of a laser prior to any PIV measurements. For the case 
of out-of-plane motion, the loss-of-correlation can also be 
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small adjustment to the light-sheet alignment can also be 
used to correct for these out-of-plane flows, as discussed in 
Kähler and Kompenhans (2000). This is equivalent to the 
window-shifting technique used in the evaluation of PIV 
recordings to compensate for the in-plane shift of the parti-
cle images. However, a simple shift of the light sheet cannot 
fully correct the effects in case of more complex, or even 
three-dimensional flows. The effect of out-of-plane motion 
on the probability of detecting a valid vector is illustrated in 
Fig. 1 for different numbers of particle images (NI) within 
the interrogation window. The results in the figure are based 
on the analysis of synthetic PIV images with zero in-plane 
displacement, corresponding to the final pass of a multi-pass 
PIV evaluation.

If the correlation value in the center of the correlation 
plane is higher than all other peaks within a search radius, 
the corresponding vector is considered to be a valid one. 
Otherwise, if another peak is higher than the center peak, the 
vector is not valid. The valid detection probability is the ratio 
of the number of valid vectors to the total number of vectors. 
It can be clearly seen from Fig. 1 that out-of-plane motion or 
a light-sheet mismatch has a strong effect on the probability 
of detecting a valid vector. This is particularly true if 10 or 
less particle images are considered in the analysis, as typical 
for the final pass of an iterative PIV evaluation. If no valid 
vector is found during the first evaluation pass, the image 
deformation for the following passes cannot function cor-
rectly. Therefore, it is very important to start the multi-pass 
evaluation with sufficiently large interrogation windows if 
strong out-of-plane effects are present.

Besides the valid detection probability, out-of-plane 
motion also affects the shift-vector uncertainty, as illus-
trated in Fig. 2. The out-of-plane displacement Δz is only 
one parameter among many that affects the measurement 
uncertainty, meaning that it is not possible to determine the 
actual uncertainty only from the out-of-plane motion. Never-
theless, it is evident from Fig. 2 that out-of-plane motion can 
have a strong effect on the uncertainty. Thus, understanding 
the loss-of-correlation caused by out-of-plane motion can 
help to identify error sources and to optimize PIV setups. 

Out-of-plane loss-of-particles can be reduced by increas-
ing the light-sheet thickness and by decreasing the temporal 
separation between the laser pulses Δt. However, this is lim-
ited due to the following reasons: First, thickening the light 
sheet reduces the energy density of the laser light and causes 
reduced signal strength in PIV images. Second, thicker light 
sheets result in lower spatial resolution in the out-of-plane 
direction. This is especially crucial in the presence of out-
of-plane gradients, such as in the wall-parallel plane of a 
turbulent boundary layer. Third, a small Δt results in reduced 
loss-of-pairs, but increases the relative measurement uncer-
tainty and reduces the dynamic velocity range. Scharnow-
ski and Kähler (2016a) have shown that some loss-of-pairs 
should be accepted for three-dimensional flows to optimize 
between correlation strength and shift vector length. Thus, in 
3D flows, an optimum value for Δt must be found to achieve 
valid vectors with low uncertainty.

The present study extends the work in Scharnowski 
and Kähler (2016a). Its main purpose is to solve the issues 
related to the classical definition of FO, as pointed out by 
Grayson et al. (2016). The following section summarizes 
the limits of the classical definition of FO, while Sect. 3 
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Fig. 1   Probability of detecting a valid vector from PIV measure-
ments as a function of the out-of-plane motion Δz normalized by 
the light-sheet thickness Δz0 for different particle image densities 
(Nppp = 0.01; 0.05; 0.10) and interrogation window sizes (322 and 642 
pixel). A Gaussian light-sheet shape was used in this simulation
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Fig. 2   Shift vector uncertainty as a function of the out-of-plane 
motion Δz normalized by the light-sheet thickness Δz0 for a parti-
cle image density of Nppp = 0.10 and different interrogation window 
sizes. The simulated light-sheet shape factor was s1,2 = 10 (see Eq. 2)
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introduces a new definition. Section 4 outlines laser optic 
adjustments for correcting light-sheet mismatch, assuming 
zero out-of-plane motion. Section 5 discusses the impacts of 
out-of-plane velocity on FO, and Sect. 6 presents a method 
of estimating FO from PIV images. Finally, the findings are 
validated experimentally in Sect. 7 using wall-parallel PIV 
measurements in a turbulent boundary layer.

2 � The classical definition of F
O

Keane and Adrian (1992) defined the loss-of-correlation due 
to out-of-plane motion as follows:

where I1,2(z) denote the intensity of the two light-sheet 
profiles centered at the measurement plane, z01,02 are the 
parallel offsets of the two light sheets with respect to the 
measurement plane, and Δz is the out-of-plane displacement 
of the particles. This loss-of-correlation factor estimates the 
reduction in correlation peak height due to out-of-plane loss-
of-pair effects. FO(1992) equals 1 if every particle image has 
a corresponding partner in a PIV image pair. If some parti-
cles enter or leave the light sheet, FO(1992) decreases and is 
reduced to zero if no particle image can be paired.

To discuss Eq. (1) in more detail, the following laser 
light-sheet intensity profiles are used for the first and second 
laser pulse (I1 and I2, respectively).

The profiles are based on a Gaussian, I01,02 are the maximum 
intensities in the light-sheet center, and Δz01,02 are the widths 
a t  w h i c h  t h e  i n t e n s i t y  d r o p s  t o 
I01,02 × exp

�
−1∕

√
2�

�
≈ 0.67 × I01,02. The factor 1∕

√
2� 

ensures that the squared intensity is independent of the shape 
factor s1,2 for a fixed light-sheet thickness. As a result of this, 
different light-sheet shapes lead to a comparable average 
signal level, which is characterized by the PIV image inten-
sity standard deviation �A. This allows the effect of image 
noise for different laser profiles to be compared, as discussed 
in Scharnowski and Kähler (2016b). For s1,2 = 2, the inten-
sity profiles are Gaussian, and for larger values, they become 
closer to a top-hat profile, as illustrated in Fig. 3. As the two 
laser intensity profiles I1(z) and I2(z) differ in terms of shape, 
width and intensity in practice, a systematic analysis of the 
sensitivity of the light-sheet mismatch becomes possible 
using Eq. (2).

(1)FO(1992) =
∫ I1

(
z − z01

)
× I2

(
z − z02 − Δz

)
dz

∫ I1(z) × I2(z)dz

(2)I1,2(z) = I01,02 × exp

�

−
1

√
2�

�
����

�
2z

Δz01,02

�s1,2 �����

�

Equation (1) predicts the correct loss-of-correlation if both 
light-sheet profiles are identical. However, it does not work 
in the case of different light-sheet shapes (s1 ≠ s2) or widths 
(Δz02 ≠ Δz02). If, for instance, the second light sheet is twice 
as wide as the first one (2Δz01 = Δz02), Eq. (1) results in 
FO(1992) = 1 if the out-of-plane motion is fully compensated by 
the parallel offset between the light sheets (e.g., z01 = z01 − Δz).  
For this case, a significant fraction of the particle images in 
the second frame does not have a corresponding partners in 
the first frame (for top-hat profiles), or their intensity differs 
(for Gaussian profiles). In addition, in the case of different 
light-sheet shapes (s1 ≠ s2), the intensity in the outer regions 
of the measurement plane differs for both frames, resulting in 
loss-of-correlation.

3 � A more general definition of F
O

To account for the difference in the two light-sheet profiles, the 
denominator of Eq. (1) must be modified as follows:

Using the squared intensity of each of the light sheets 
ensures that the contribution of all particles within both 
profiles are considered in the same way as they are used 
for computing the cross-correlation function. With this new 
definition for the loss-of-correlation due to out-of-plane 
effects, FO can now also be computed for light sheets with 
any combination of shape or width differences. It is impor-
tant to note that Eq. (3) can be used for any arbitrary laser 

(3)FO =
∫ I1

(
z − z01

)
× I2

(
z − z02 − Δz

)
dz

√
∫ I2

1
(z)dz × ∫ I2

2
(z)dz
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Fig. 3   Two laser light-sheet profiles generally differ in terms of 
shape, width, intensity, and location
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profiles, although a variation of the shape factor and the 
width according to Eq. (2) is the focus of this section.

The effect of different shape factors on the loss-of-corre-
lation is illustrated in Fig. 4, where the three different curves 
correspond to a fixed s1 and varied s2. The solid lines in the 
figure represent the theory according to Eq. (3). Besides the 
theoretical values, the loss-of-correlation was also computed 
from synthetic PIV images, indicated by the symbols.

The generation of the synthetic images follows the 
approach outlined in Scharnowski and Kähler (2016a). The 
simulated particle image diameter (4� width of a Gaussian) 
was three pixels and the particle image density was set to 
Nppp = 0.03, if not stated otherwise. The symbols in Fig. 4 
represent the maximum height of the normalized cross-
correlation function computed from a zero-displacement 
synthetic flow without any image noise. Only in this case of 
zero displacement does the height of the normalized cross-
correlation function equal the FO factor. This approach 
ensures that loss-of-correlation can only occur due to out-
of-plane effects, e.g., the light-sheet shape in the case of 
Fig. 4. The mean value and standard deviation, indicated by 
the error bars, were computed from the height of 100 cor-
relation functions based on an interrogation window size of 
2502 pixel.

The good agreement between the correlation height and 
theoretical values confirms the value and utility of Eq. (3) for 
the case of different light-sheet shapes. On the other hand, 
the classical definition from Eq. (1) results in FO(1992) = 1 
for all shape factor combinations, illustrated by the dashed 

line in Fig. 4. The difference between the classical and the 
new definition of FO clearly shows that it is important to 
account for differences in the light-sheet shape. Combining 
a Gaussian and a top-hat profile, for instance, reduces the 
correlation height by about 10%.

The effect of different light-sheet widths on the loss-of-
correlation is illustrated in Fig. 5. As before, the theoretical 
values according to Eq. (3) are shown together with the cor-
relation height of synthetic images and the classical loss-of-
correlation. The classical definition of FO(1992) is not sensi-
tive to different widths and always results in FO(1992) = 1 (the 
dashed line in Fig. 5).

The new approach exhibits a very different behavior: 
the loss-of-correlation factor is only unity if the widths are 
exactly identical, while FO < 1 for light sheets with different 
widths. If the widths differ by a factor of two, for instance, 
FO drops to 0.71 for a top-hat profile and to 0.89 for a Gauss-
ian, respectively. Besides identical shape factors, Fig. 5 also 
shows the effect of different widths on FO for the case of two 
different profiles (Gaussian and top-hat). As expected from 
Fig. 4, two different shape factors never result in a perfect 
correlation. For this case, the highest FO is reached if the 
top-hat profile is about 1.6 times wider than the Gaussian 
profile. It is important to note that this relation depends on 
the definition of the profiles, see Eq. (2). However, it can be 
stated that for PIV a difference in the light-sheet width is 
much more critical to good correlation than any difference 
in the shape of the intensity distribution, according to Figs. 4 
and 5, provided that the overlap is well adjusted.
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Fig. 4   Loss-of-correlation due to out-of-plane effects for light sheets 
with different shape factors s1 and s2, according to Eq. (2). The dif-
ferent colors correspond to different values for s1,2. Solid lines are 
computed from Eq. (3), symbols represent the normalized correlation 
height of synthetic images, and the dashed line shows the classical 
FO(1992) computed from Eq. (1)
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Fig. 5   Loss-of-correlation for light sheets with different widths 
Δz01,02 shown for several shape factors s1,2. The different colors cor-
respond to different values for s1,2. Solid lines are computed from Eq. 
(3), symbols represent the normalized correlation height of synthetic 
images, and the dashed line shows the classical FO(1992) computed 
from Eq. (1)
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Figure 6 shows the FO factor for misaligned light sheets, 
e.g., a parallel offset between two identical profiles. For this 
case, the classical and the new definition of FO result in the 
same loss-of-correlation. An exception is any case involv-
ing different shape factors, where the classical approach 
(dashed green line) overestimates FO, as predicted. Fig-
ure 6 clearly shows that misaligned laser pulses can result 
in a dramatic reduction of the correlation strength. It is also 
interesting to note that the Gaussian profile is less sensitive 
to relatively small misalignment compared with a top-hat 
profile, indicated by the small slope of the blue curve close 
to (Δz01 − Δz02)∕Δz01 = 0 in Fig. 6. This behavior will be 
discussed in more detail in Sect. 5.

4 � Assessing light‑sheet mismatch using F
O

Synthetic zero-displacement PIV images were used in 
Sect. 3 to demonstrate the effectiveness of FO in assessing 
the impacts of mismatched light-sheet intensity profiles 
and out-of-plane velocities. It is only in this case involving 
zero in-plane displacement that the height of the normal-
ized cross-correlation function is equivalent to the FO fac-
tor. The remainder of this study focuses on the application 
of this metric to experimental scenarios, to assist with the 
refinement of a measurement configuration and improve the 
quality of PIV results.

Before considering the implications of out-of-plane 
velocity on PIV measurements, a well-matched light-sheet 

baseline is required. This includes ensuring similar light-
sheet widths, alignment (assuming zero out-of-plane veloc-
ity), and shape factor. To perform the necessary iterative 
adjustments to the laser and optical configuration, several 
methods exist to evaluate the light-sheet overlap: a simple 
visual inspection in the near and far fields of the light-sheet, 
switching between the first and second lasers, allows for reli-
able optical adjustments prior to the experiment, but does 
not offer quantitative feedback on the adjustment quality. 
Imaging a surface normal to the light sheet, as it is illu-
minated by the laser, can extend this simple inspection to 
quantify the laser intensity distribution and alignment (used 
by Fond et al. 2015). Inclining the imaged surface can fur-
ther increase the resolution of this diagnostic (employed by 
Kähler and Kompenhans 2000; Mistry and Dawson 2014). 
Burn tests offer a simple alternative (see Kähler et al. 1998 
or Ganapathisubramani et al. 2005 for instance), although 
the limited dynamic range of burn paper can restrict its use 
to identifying misalignment and severe width mismatch in 
light sheets.

Reducing the time separation between the laser pulses 
to the shortest possible duration results in almost no dis-
placement of the particles and maximizes the height of the 
normalized cross-correlation function. This method can be 
applied to experiments involving constant measurement con-
ditions over the time required for laser adjustment. However, 
this approach cannot distinguish between laser light-sheet 
mismatch and other effects on the cross-correlation value. 
Furthermore, while this method may indicate a problem with 
the experimental setup, it does not inform changes necessary 
to correct this issue.

Directly measuring the light-sheet intensity profiles pro-
vides the most detailed feedback on light-sheet overlap and 
on FO, calculated using Eq. (3). Furthermore, the most com-
prehensive and robust means of examining PIV light-sheet 
profiles involve the use of a laser beam profiling camera. 
While traditionally this type of device has been an expen-
sive, specialized investment, often only made by a subset of 
experimentalists and technicians, access to laser profiling 
equipment no longer requires significant expense (Grayson 
et al. 2016). However, all of these tools can inform the cor-
rections needed to reduce light-sheet mismatch and can offer 
rapid feedback on the impact of any adjustments.

The results shown in Figs. 4, 5, and 6 indicate that the 
matching of light-sheet width and alignment have the great-
est impact on PIV measurement performance. The light-
sheet thickness and offset can typically be tuned iteratively 
via the light-sheet optics (which applies equal width change 
to both light sheets), and laser system’s beam combining 
optics, respectively, for improved FO. However some mis-
matches in light-sheet width, as well as differences in shape 
factor, can be dictated by the fundamental beam profile 
behavior of each laser cavity and may be difficult to correct. 
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Fig. 6   Loss-of-correlation for light sheets with parallel offsets 
(z01 − z02 − Δz) normalized by the light-sheet thickness Δz01 shown 
for several shape factors s1,2. The different colors correspond to dif-
ferent values for s1,2. Solid lines are computed from Eq. (3), symbols 
represent the normalized correlation height of synthetic images, and 
the dashed line shows the classical FO(1992) computed from Eq. (1)
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While substitution of the laser system with a better perform-
ing unit may bypass these concerns, this is rarely a practical 
solution. Since such width and shape factor characteristics 
tend to vary over the spread of the light sheet, regions of 
superior matching in shape factor and width may be identi-
fied and aligned with the measurement field of view. This 
detailed examination over the full spread of the light sheet 
will likely require the resolution of a laser profiling cam-
era, but such a technique can maximize the shape factor and 
width matching (and therefore maximizing FO) for a given 
experiment.

Once the best compromise in light-sheet width and shape 
factor mismatch is achieved, the alignment of the light-sheet 
profiles can be refined and optimized, assuming zero out-of-
plane motion. This involves adjusting the alignment of the 
two cavities of a PIV double pulse laser, using the laser’s 
beam combining optics. Given the presence of beam point-
ing jitter in laser systems, which generates shot-to-shot 
variation in laser beam location and overlap, the light-sheet 
overlap should be calculated as an average from several 
measurements following sufficient warming of the system 
(see Grayson et al. 2017). Figure 7 shows various idealised 
examples illustrating light-sheet pairs with optimized over-
lap. For symmetric profiles with a single peak, as shown 
on the top row of the figure, the best overlap is achieved if 
the light-sheet centers fall on top of each other. In this case, 

the value of FO depends mainly on the variations in shape 
and width. If the light-sheet profiles are skewed or contain 
multiple local maxima, the optimum overlap position might 
be less obvious, as sketched in the middle and lower row of 
Fig. 7. It is interesting to note that while all of the examples 
in Fig. 7 result in FO < 1, these examples would result in 
FO(1992) = 1 by following the classical definition from Eq. 
(1).

It is worthwhile noting that the effective width of the light 
sheet which directly influences correlation may not corre-
spond to the complete profiles measured using these tech-
niques, which alters the extent of the profiles which should 
strictly be considered in the FO calculation. However, further 
investigation of this subject is needed, and such refinements 
should have only a modest effect on the resulting FO value.

5 � Impact of out‑of‑plane velocity

Besides the light-sheet overlap of the laser system, the par-
ticle motion in the out-of-plane direction Δz also affects the 
loss-of-correlation. It was already shown in Fig. 6 that any 
out-of-plane motion reduces FO if not compensated by a par-
allel offset between the light sheets. Furthermore, for most 
flow examples, the out-of-plane velocity is not constant over 
the field of view and might change rapidly in space and time 
due to turbulence. To optimize measurements under these 
conditions, the light-sheet thickness, the optical magnifica-
tion, and the time separation between the laser pulses must 
be tuned to obtain shift vector fields with sufficiently high 
displacement and a high valid detection probability. The sen-
sitivity of the light-sheet profiles to a change in the out-of-
plane motion �ΔzFO = �FO∕�Δz is an important parameter 
for this optimization. Figure 8 shows the rate of change of 
FO with respect to Δz as a function of the light-sheet shape 
factor s for different initial out-of-plane motions.

Three important conclusions can be drawn from the fig-
ure: first, a Gaussian profile (s = 2) is much less sensitive 
to out-of-plan motion (or shot-to-shot beam pointing jitter) 
than a top-hat profile (s → ∞). For perfectly aligned light 
sheets, �ΔzFO is close to zero in the case of a Gaussian, while 
it approaches −1 times the light-sheet thickness for top-hat 
profiles. Second, the mean out-of-plane motion Δz should be 
compensated by a light-sheet offset Δz01 − Δz02, because the 
actual value of FO decreases and its sensitivity to out-of-plane 
motion increases with the misalignment. Third, fluctuations 
in the out-of-plane motion due to turbulence or changes in 
the flow conditions must be limited by the time separation Δt 
between the two illuminations to minimize the loss-of-pairs. 
To ensure a high dynamic velocity range (Adrian 1997), it is 
recommended to allow for some spurious vectors which can 
be identified and replaced or rejected as long as they do not 
form clusters (Westerweel and Scarano 2005). 

Fig. 7   Examples of different light-sheet pairs with optimized over-
lap. The given FO is based on zero out-of-plane motion
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Keane and Adrian (1992) suggested an optimization of 
the light-sheet width for the case of a parallel offset between 
the light sheets. In their work, it was stated that a sufficiently 
wide second light sheet ensures that all particle images from 
the first frame have partners in the second frame. Further-
more, they concluded that this condition is sufficient to 
achieve FO = 1. This statement is misleading and needs to 
be discussed here.

Figure 9 illustrates how FO changes if the width of the 
second light sheet is varied with respect to the first one 
for different parallel offsets between the light sheets. As 
before, the theoretical values according to Eq. (3) are shown 
together with the correlation height of synthetic images and 
the classical FO(1992) from Eq. (1). It is important to note that 
broadening the second light sheet does not compensate for 
the loss-of-correlation due to out-of-plane motion or light-
sheet misalignment. This is due to the fact that the broader 
second light sheet also introduces new particle images 
which do not have partners in the first frame. The maxima 
of the curves in Fig. 9 are indeed shifted towards a broader 
width, but they never reach FO = 1, as predicted by Keane 
and Adrian (1992). Larger Δz01 − Δz02 − Δz offsets result 
in an optimum combination involving a lower FO, as well as 
broader light sheets.

According to the classical definition of FO(1992) from Eq. 
(1), an infinitely wide second (Gaussian) light sheet fully 
compensates for an offset between the light sheets, indicated 
by the dashed lines in Fig. 9. This is not surprising, because 
the classical definition is not capable of correctly dealing 
with different light-sheet widths, as shown in Fig. 5. Fur-
thermore, adjusting the width of just one of the two light 
sheets of a PIV laser is usually not feasible since it requires 
modifications to the intra-cavity optics.

6 � Estimation of F
O

 using PIV correlation 
functions

After the establishment of a well-matched light-sheet base-
line, the laser characteristics have been measured and quanti-
fied. Aided by this information, the influence of out-of-plane 
flow velocity components can now be considered on the PIV 
setup.

While a mean estimate of out-of-plane flow quantities can 
be used to approximate the necessary overlap adjustment 
required, this can be a relatively crude approach which also 
requires prior knowledge of the flow of interest. A more 
comprehensive approach to correcting for out-of-plane flow 
velocities involves an analysis of the PIV images captured 
from the experimental setup, which considers the cumulative 
impact of laser and out-of-plane velocity effects under non-
zero and non-uniform in-plane displacements.

Under such non-uniform conditions, the correlation func-
tion broadens and its height decreases (Adrian 1988; Kähler 
and Scholz 2006; Scharnowski et al. 2012; Soria and Willert 
2012). However, the volume of the (averaged) cross-cor-
relation function remains constant if no loss-of-correlation 
or image noise is involved. The cross-correlation volume 
is equal to the volume of the averaged auto-correlation 
function and only depends on the particle image size. It is 
important to note that the loss-of-correlation factors due to 
in-plane-motion FI (Adrian 1988) and in-plane gradients F∆ 
(Westerweel 2008) both become unity for ideal measure-
ments and state-of-the-art PIV data processing methods, 

100 101 102 103 104
-1

-0.8

-0.6

-0.4

-0.2

0

Fig. 8   Sensitivity of the loss-of-correlation with respect to the out-
of-plane motion as a function of the light-sheet shape factor s1,2 for 
different mean out-of-plane displacements Δz
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Fig. 9   Loss-of-correlation due to a parallel offset of the light sheets 
with respect to the out-of-plane motion z01 − z02 − Δz can only be 
partially compensated by broadening one laser profile. The simula-
tions are based on Gaussian profiles with a shape factor of s1,2 = 2. 
The dashed lines show the classical FO(1992) computed from Eq. (1)
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including multi-pass evaluation with iterative image defor-
mation (Scarano 2001).

If out-of-plane motion is superimposed, the volume of the 
cross-correlation function is reduced, since some particle 
images do not have the corresponding partners, while the 
auto-correlation volume remains constant. The volume ratio 
is, therefore, equal to the FO factor, as discussed in detail in 
Scharnowski and Kähler (2016a). The only known prop-
erty that changes the volume of the auto-correlation func-
tion is image noise. In Scharnowski and Kähler (2016b), 
it was shown that the normalized auto-correlation function 
of noisy PIV images has a reduced correlation height that 
depends on the image noise level and the standard deviation 
of the noise-free image intensity. Only the center peak height 
equals one due to the self-correlation of the image noise. The 
loss-of-correlation due to image noise Fσ can be estimated 
by determining the auto-correlation function’s height from 
a fit function that excludes the center peak, according to 
Scharnowski and Kähler (2016b).

Fortunately, image noise also reduces the volume of 
the cross-correlation function by the same amount. Thus, 
in addition to the findings in Scharnowski and Kähler 
(2016a), FO can now also be estimated using noisy PIV 
images by computing the ratio of the cross-correlation 
volume VC and the auto-correlation volume V∗

R
. In this 

calculation, the auto-correlation center peak is replaced 
by a fitted value:

In Scharnowski and Kähler (2016a), it was shown that FO 
can be estimated reliably using this technique for a broad 
range of different conditions, e.g., various light-sheet shape 
factors, particle image diameters, and displacement fluctua-
tions. To demonstrate that Eq. (4) is also suited for noisy 
PIV images, Fig. 10 shows the estimated FO [calculated 
using Eq. (4)] with respect to the simulated FO for different 
noise levels. The symbols and the error bars in the figure 
represent the mean volume ratio and its standard deviation 
computed from 1000 correlation function pairs, respectively. 
An interrogation window size of 64 × 64 pixel was used and 
the inner 17 × 17 pixel around the center (without the center 
peak for the auto-correlation) was approximated by a Gauss-
ian fit function. The results show good agreement with the 
theory. The volume ratio only begins to overestimate the 
loss-of-correlation factor when FO < 0.3. However, meas-
urements with FO < 0.3 will not lead to reliable results, so 
this deviation is not at all important in practice.

The uncertainty of FO estimated using the volume ratio 
depends on particle image density and the interrogation win-
dow size, since a smooth correlation function is required for 
the fitting procedure. Figure 11 shows the standard deviation 

(4)FO =
VC

V∗
R

.

of the estimated FO with respect to the average number of 
particle images NI within a 64 × 64 pixel interrogation win-
dow. Different out-of-plane displacements are tested using 
synthetic PIV images. Two conclusions can be drawn from 
the figure: First, the uncertainty is rather independent of FO 
in the range 0.5 ≤ FO ≤ 0.9 and decreases rapidly for values 
approaching FO = 1. Second, increasing the particle image 
density reduces the uncertainty of the estimated FO until a 
significant amount of particle images start to overlap. It can 
be concluded that FO is estimated reliably from the correla-
tion–function volume ratio if the interrogation window size 
is large enough to contain about 100 particle images.
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Fig. 10   Estimated FO based on the volume ratio in Eq. (4) versus the 
simulated FO computed from Eq. (3) for different image noise levels
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Fig. 11   Uncertainty of the estimated loss-of-correlation versus aver-
age number of particle images per interrogation window for different 
FO
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The use of the correlation–function volume ratio to 
estimate FO, unlike isolated profiling of the light sheet, 
incorporates all of the out-of-plane loss-of-pairs variables 
captured in PIV images. In addition, the increased robust-
ness of advanced image correlation algorithms to spurious 
vectors mean that such outliers may not always be present 
in PIV data as an indicator for correlation quality. Calcu-
lation of FO using the correlation–function volume ratio 
can, therefore, offer a more detailed assessment of correla-
tion quality to inform experimentalists. Furthermore, this 
technique can be applied retrospectively to previous PIV 
datasets to quantify FO, and help troubleshoot and isolate 
any causes of degradation in PIV results throughout an 
experiment. However, correct refinement and measurement 
of a well-matched light-sheet baseline using a laser profil-
ing camera (or similar profiling technique) can be of use 
prior to the correlation–function volume ratio calculation, 
to avoid the guess-and-check iteration encountered when 
attempting to improve FO without substantive guidance 
and feedback.

7 � Experimental validation

A 2D, two-pulse PIV experiment was performed to further 
investigate the impacts of various laser light-sheet mismatch 
scenarios under laboratory conditions, and demonstrates the 
experimental estimation of FO. Turbulent boundary layer 
measurements at Re

�
≈ 7500 were captured over a stream-

wise–spanwise plane in the High Reynolds Number Bound-
ary Layer Wind Tunnel (HRNBLWT) at the University of 
Melbourne (see Nickels et al. 2005 for further details con-
cerning this facility). The measurement was performed at a 
wall normal height of approximately 240 viscous units (cor-
responding to ≈ 10 mm) and extended over a region of 4200 
× 6300 viscous units (streamwise × spanwise, corresponding 
to 175mm × 265mm). Further details regarding this experi-
mental setup configuration and measurement procedure can 
be found in de Silva et al. (2015) and Grayson et al. (under 
review) respectively. In summary, a 10.7 megapixel PCO 
4000 PIV camera with a Nikon AF Micro-Nikkor 60 mm 
2.8D lens was used for image capture, achieving a flow reso-
lution of approximately 1.6 viscous units/pixel. Polyamide 
particles were used for seeding, and the measurement plane 
was illuminated by a Spectra-Physics Quanta-Ray PIV-400 
532 nm Nd:YAG pulsed laser (nominally at 400 mJ per 
pulse), a system which allows easy access to the beam com-
bining optics. Adjustments to the combining optics allow the 
light-sheet mismatch to be modified, enabling an examina-
tion of the associated impacts on measurement results. 

Eight distinct light-sheet mismatch scenarios were meas-
ured, where light-sheet overlap was adjusted via the laser’s 
beam combining optics. A set of 120 PIV image pairs were 

captured for each mismatch case, in addition to profiles of 
the light sheet using a beam profiling camera (see Gray-
son et al. 2016, Grayson et al. under review). A temporal 
separation between the laser pulses of ∆t = 110 µs was 
used in these measurements, leading to a mean displace-
ment of ≈ 11 pixel, or 0.7 mm in the streamwise direction. 
Image pairs were processed using state-of-the-art multi-
pass PIV evaluation software, including image deformation 
and Gaussian window weighting with a final interrogation 
window size of 322 pixel and an overlap of 50%. Figure 12 
(left) shows a sample flow field under one of the measured 
misalignment scenarios (the flow direction is from left to 
right), where color contours indicate the streamwise veloc-
ity. The instantaneous flow field exhibits elongated coher-
ent structures of different velocities which extend along the 
streamwise direction.

Figure 12 (right) shows the corresponding instantaneous 
distribution of FO estimated from the volume ratio of Eq. (4) 
using 1282 pixel interrogation windows with 50% overlap. A 
general trend of decreasing FO from top to bottom is clearly 
visible in the figure. Although optical camera effects and 
seeding also play a role, this trend is primarily caused by a 
decreasing overlap of the light sheets from top to bottom, as 
shown in Fig. 13 for three y locations of the field of view.

Moreover, the FO distribution in Fig. 12 (right) features 
local fluctuations which are caused by loss-of-pairs due 
to out-of-plane motion. At 70 ≤ y ≤ 80mm for example, 
a turbulent flow structure of low momentum (dark blue in 
Fig. 12 on the left) causes an increase in FO from ≈ 0.6 to 
values above 0.9. In this region, fluid is transported away 
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Fig. 12   Example of the instantaneous distribution of the streamwise 
velocity in a wall-parallel plane of a turbulent boundary layer (left) 
and the corresponding FO estimated from the correlation volume ratio 
(right). The light-sheet profiles were intentionally misaligned to study 
the effect of FO on the velocity estimation (Grayson et al. 2016, Gray-
son et al. under review). The measured light-sheet profiles are shown 
in Fig. 13 for three spanwise locations
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from the wall and the out-of-plane motion of the particles 
is partly compensated by the offset between the light sheets 
(see Fig. 13). In other regions, FO is reduced due to motion 
of the particles towards the wall. Nevertheless, with a parti-
cle image density of Nppp ≈ 0.03, the valid vector detection 
probability is close to 100% for FO > 0.5, as illustrated in 
Fig. 1. If the resolution needs to be improved by reducing 
the interrogation window size, the light-sheet overlap must 
be optimized.

Figure 14 illustrates how the interrogation window size 
affects the estimation of the velocity fluctuations. While 
similar behaviors are observed using 642 pixel and 322 pixel 
windows (apart from small deviations close to y = 0), the 
estimated velocity fluctuations from smaller 162 pixel win-
dows deviate from the larger interrogation window estimates 
across the lower half of the field of view. The 162 pixel 
window fluctuations estimate reaches values almost three 
times higher than for the larger window sizes. This was to 

be expected, because the number of paired particle images 
found within the small interrogation windows is too low to 
guarantee valid vectors with low uncertainty under strong 
light-sheet misalignment conditions.

This example shows that knowledge about the light-
sheet intensity profile and alignment help experimentalists 
to understand what exactly causes the loss-of-correlation 
and how the results could be improved. The alignment 
can be easily seen from a laser profiling camera (Grayson 
et al. 2016), but is also indirectly assessable using the cor-
relation–function volume ratio. Figure 15 shows that both 
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Fig. 13   Light-sheet intensity profiles for three different spanwise 
locations corresponding to the PIV measurements shown in Fig. 12

0 1 2 3 4 5
0

50

100

150

200

Fig. 14   Estimated streamwise velocity fluctuations as a function of 
the spanwise location for different interrogation window sizes. The 
light-sheet overlap decreases for decreasing y, as shown in Fig. 13
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Fig. 15   Estimated FO from PIV experiments based on the correlation 
function volume ratio of Eq. (4) compared with the estimation of FO 
from the light-sheet profiles according to Eq. (3)
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methods result in a fairly good agreement over the broad 
range of laser sheet mismatch scenarios. The combination 
of both methods allows for an easy alignment of the lasers 
prior the experiment by means of a profiling camera, and 
readjustments in the presence of a mean out-of-plane motion 
by using the correlation–function volume ratio. The latter 
method also allows the detection of changes in FO due to 
fluctuations in the out-of-plane motion. This analysis not 
only confirms the theoretical findings of the previous sec-
tions, but also substantiates the value and utility of the FO 
metric to characterize and improve the quality of a PIV 
measurement.

8 � Summary and discussion

A new definition for the loss-of-correlation due to out-of-
plane effects is proposed in this work with the aim to gen-
eralize the classical definition of FO by Keane and Adrian 
(1992). While the classical definition only works for the case 
of identical light-sheet profiles, the new definition is also 
suited for light sheets which differ in intensity distribution 
and width.

The comparison of different light-sheet scenarios revealed 
that a parallel offset between the light sheets or an out-of-plane 
motion has the strongest impact on the loss-of-correlation (see 
Fig. 6). In addition, a difference in the width can cause signifi-
cant reduction in the correlation strength, as shown in Fig. 5. 
On the other hand, if the width of both light sheets is compa-
rable, the shape has only minor impact on FO (see Fig. 4). The 
classical definition from Keane and Adrian (1992) in Eq. (1) 
only continues to hold for light sheets with the same shape.

Based on the new definition, FO can be estimated reli-
ably from laser profiles in the case of zero out-of-plane 
motion. Furthermore, it was demonstrated that the ratio of 
the cross-correlation function and the auto-correlation func-
tion provides FO directly from PIV images. Thus, an online 
optimization of the PIV setup is easily possible for flows 
with out-of-plane motion.

The findings of this work allow PIV users to optimize 
their experiment with respect to the loss-of-correlation due 
to out-of-plane effects. Furthermore, the results can assist 
the selection of suitable PIV lasers based on the beam pro-
files. The analysis implies that the quality of the laser beams 
are important and therefore care must be taken when buying 
lasers for flow field investigations.
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