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A comparative study of the MQD method and several correlation-based PIV
evaluation algorithms
L. Gui, W. Merzkirch
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Abstract The Minimum Quadratic Difference (MQD) method
is compared with methods conventionally used for the
evaluation of PIV recordings, i.e. correlation-based evaluation
with ﬁxed interrogation windows (auto- or cross-correlation)
and correlation-based tracking. The comparison is performed
by studying the evaluation accuracy achieved when applying
these methods to pairs of synthetic PIV recordings for which
the true displacements are known. The inﬂuence of the
magnitude of the particle image displacement, evaluation
window size, density of particle image distribution, and
particle image size on the accuracy are investigated. In all these
cases the best results in terms of a statistical error are obtained
with the MQD method. The superiority of the MQD method
can be explained with its potential of accounting for nonuniformities in the particle image distribution and a nonuniform illumination. It is also shown that the conventional
correlation-based methods may produce principal errors that
are non-existent for the MQD method. The evaluation speed
achievable for the MQD method by making use of the FFT is
comparable to that common for the generally used auto- or
cross-correlation algorithm. Finally, a quantitative explanation
is given for the often observed phenomenon that PIV velocity
results tend to be smaller than the true values.

1
Introduction
A brief description of a method for evaluating particle image
velocimetry (PIV) recordings was given by Gui and Merzkirch
(1996). This method, named the Minimum Quadratic Difference (MQD) method, is based on a least-square algorithm, and
it is in principle a tracking of patterns of particle images.
The minimum of the quadratic difference of the gray values in
the considered digital patterns is a criterion of the tracking
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quality. An analysis of the algorithm shows that the quadratic
difference includes a correlation function, and the question
arises how the MQD method compares with other PIV
evaluation schemes using the correlation function, either as
a tracking criterion (in the following named ‘‘correlation-based
tracking’’), or for studying and comparing the contents of ﬁxed
interrogation windows, either by auto- or cross-correlation
(here named ‘‘correlation-based interrogation’’). The present
paper aims at giving such comparisons, particularly on the
basis of the evaluation accuracy obtainable with these methods.
Among the various PIV evaluation methods correlationbased algorithms play a major role. Correlation-based interrogation schemes and details of the respective procedures were
described, discussed, and reviewed, e.g., by Cenedese and
Paglialunga (1990), Keane and Adrian (1990), Adrian (1991),
Willert and Gharib (1991), Heckmann et al. (1994), Westerweel
et al. (1997). A number of different working routines and tools
can be used for improving the performance of the method. E.g.,
it is common to accelerate the evaluation by applying the Fast
Fourier Transformation (FFT). When making use of the FFT
technique, interrogation windows of arbitrary size (i.e. window
side lengths in pixels different from being powers of 2) can
be used as shown by Gui and Merzkirch (1998). Alternative
methods for increasing the speed of evaluation were reported
by Roesgen and Totaro (1995) and Hart (1996). Sub-pixel
accuracy in determining velocity vectors is possible and in
many cases realized with a three-point Gaussian curve ﬁt.
The observed dependence of the evaluation accuracy on the
magnitude of the particle displacement can be reduced and
partly avoided by applying a discrete offset of the interrogation
window (Willert 1996; Westerweel et al. 1997).
An extended literature on particle image tracking is
available, for a review see, e.g., Grant (1997). Algorithms
using the correlation function as a tracking criterion were
described and applied by Huang et al. (1993), Kemmerich and
Rath (1994), Okamoto et al. (1995), Fincham and Spedding
(1997).
In the following we shall give a short description of the MQD
method, and we shall then present some theoretical aspects
of comparing the MQD and the correlation-based methods.
Problems of evaluation accuracy will be discussed on the
basis of synthetic PIV recordings, and thereafter we
shall demonstrate how the FFT technique can be used for
accelerating the evaluation by the MQD method. It should be
mentioned that additional minimization-based evaluation
methods were reported; e.g. by Tokumaru and Dimotakis
(1995). These methods are not included in our comparative
studies.
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Fig. 1. Tracking ensembles of particle images with the MQD method

Fig. 2. Evaluation functions of the MQD method

2
Minimum quadratic difference method

g (i, j), g (i, j) are here the gray values of the pixels (i, j) in the
1
2
two recordings of the particle image ﬁelds separated by a time
interval t. (m, n) is the position of the pattern G2 relative to
G1 . The areas covered by G1 and G2 are only small fractions
of the whole particle image ﬁeld. According to Eq. (1) the
displacement of the tracked pattern (m*, n*) can be found by
determining the minimum of the quadratic difference (MQD)

The minimum quadratic difference method is an algorithm for
tracking ensembles of particle images in digital PIV recordings
of high particle image density (Gui and Merzkirch 1996).
Unlike for ‘‘traditional’’ tracking schemes no single particles
but ensembles of particle images, that we call here ‘‘patterns’’,
are tracked in the PIV recordings. Assuming that two single
exposed PIV recordings have been taken, an image pattern
G1 is selected in the ﬁrst exposure with the evaluation point (x ,
0
y ) in its center. Image patterns at different positions in the
0
second exposure, G2, are compared with the ﬁrst pattern, and
the differences of the gray value distributions between G1 and
G2 are examined. The mean displacement of the particle images
in the pattern is determined by the minimum of the differences
of the gray value distributions. This tracking process is
illustrated in Fig. 1.
If G1, G2 are limited areas (‘‘patterns’’) of size M;N pixels
and represented as two matrices
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in varying the values of m and n. In evaluating two successive
PIV single exposures the MQD tracking method is similar to
the cross-correlation algorithm, the difference being that not
a maximum but the minimum indicates here the displacement
(m*, n*), see Fig. 2 right. In application to a PIV double
exposure, we have the superposition of two particle image
patterns, and the difference D(m, n) is found to have a central
minimum D(0, 0):0. Two minima with D 0 appear

almost symmetrically on both sides of the central minimum,
and the displacement to be determined follows from the
positions (m*, n*), (}m*, }n*) of these second order minima.
This form of D(m, n) is similar to the situation, when the PIV
double exposure is evaluated by means of an auto-correlation
algorithm, and like there, a directional ambiguity arises in the
evaluation, see Fig. 2 left. A sub-pixel accuracy of the MQD
evaluation can be achieved by applying the three-point
Gaussian curve ﬁt as for the traditional correlation algorithm.
Note that the shape of the curve is here upside down.

3
Comparison of correlation schemes

The two-norm of the difference of the two matrices can be
expressed by

G1!G2 :

D(m, n):

(1)

We present here a comparative discussion of some theoretical
aspects refering to PIV evaluation methods that are based
on the application of correlation algorithms. Our comparison
includes the evaluation by correlation-based analysis of
the content of PIV interrogation windows by either crossor auto-correlation, particle image pattern tracking for
which correlation serves as a search criterion, and the MQD
method.
The correlation function when applied to a pair of digitized
PIV recording samples, g (i, j ), g (i, j ), is deﬁned in the inﬁnite
1
2
plane (9R(i(;R, 9R(j(;R), see Willert and

Gharib (1991), as follows:

(m, n):

38

>
> g (i, j) ) g (i;m, j;n)
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(3)

In practice, however, g , g (or g) are restricted to a plane of
1 2
ﬁnite size, e.g. the interrogation window. The application of the
FFT for determining  in a window of size M;N (pixels) then
requires to assume g and g as being distributed periodically in
1
2
the i—j plane with the periodicity M, N, i.e.
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When we omit the constant denominator of Eq. (3), the
correlation function is

(m, n):
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i0 j0

g (i, j) ) g (i;m, j;n)
1
2

(5)

In some algorithms Eq. (5) is used as a tracking function (e.g.,
Huang et al. 1993, Kemmerich and Rath 1994). M, N then refer
to the tracked particle image pattern. For the evaluation g ,
1
g must not be assumed to be periodical functions. We assume
2
here that the pair of PIV recordings has continuous gray value
distributions, g (x, y) and g (x, y), and that the pattern to be
1
2
tracked is framed by the coordinate ranges [x , x ], [y , y ]. The
0 1
0 1
continuous correlation function is then

y1 x1
(m, n):   g (x, y) ) g (x;m, y;n) dx dy
1
2
y0 x0

(6)

If the particle image pattern described by g (x, y):f (x, y) is
1
displaced by (m*, n*), the gray value distribution of the image
pattern in the second recording is g (x, y):f (x9m*, y9n*).
2
Hereby it is assumed that all particle images within the tracked
pattern (or window) experience the same displacement
(m*, n*); i.e. the pattern is not distorted. Thus, the correlation
function and its partial differentials can be written as
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The symbol  means differentiation with respect to the
respective index given for  and f. (m, n) must have
a maximum at the point of the particle image displacement
(m*, n*), and the partial differentials   must be zero at
m, n
this point (m*, n*), i.e., the following conditions must be met:
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In order to fulﬁll conditions (8), the sum of the quadratic gray
value distributions along the parallel and opposite edges of the
(rectangular) tracked pattern must be equal. If the interrogation window is large and the particle image distribution is
stochastic, then condition (8) can be met approximately. This
means, that the position of the maximum of  does not
coincide with the value of the true displacement (m*, n*),
though the difference might be very small in many cases, and
that the correlation-based tracking algorithms to which Eq. (5)
applies are approximate, not exact, evaluation techniques. In
contrast, it can be shown (Gui 1997) that condition (8) is
always and exactly fulﬁlled for the MQD method, i.e., the
minimum of D(m, n) according to Eq. (2) determines the true
displacement (m*, n*), at least for the present case with ideal
data. It might not apply to a situation with noisy data.
A second aspect of our comparison applies to two separate
or consecutive recordings, g (i, j ), g (i, j), obtained under
1
2
insufﬁcient or different illumination intensities. Very frequently, such recordings are ‘‘cleaned’’ by digital image
processing methods before being evaluated. If the applied
image processing technique is a linear transformation, then the
correlation function to be used for the evaluation is
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with A , A , B , B :const characterizing the linear transforma1 2 1 2
tion. The second and fourth term on the right side of Eq. (9) are
constant. For an evaluation by correlation-based interrogation
of PIV recordings (with either auto- or cross-correlation),
g (i, j) is taken as a periodic function with the periodicity M, N,
2
and the third term is then also a constant. Thus, in this case the
evaluation result will not change when *(m, n) is used in
place of (m, n). It can be shown easily that this holds also for
the MQD method when A :A and B :B , i.e., the evaluation
1
2
1
2
result is independent of applying a linear transformation to the
recordings for the purpose of improving the contrast or image
quality. However, this is not the case for the correlation based
tracking algorithms, because here g (i, j) is not taken as
2
a periodic function in the i—j plane. Therefore, the third term
on the right side of Eq. (9) now is not a constant, and the use of
*(m, n) for evaluation after transformation will provide
an evaluation result different from that obtained by using
(m, n). Okamoto et al. (1995) have accounted for this effect
by using the modiﬁed correlation tracking function

(m, n):

+\1 ,\1
i0 j0

[g (i, j)!gN ] ) [g (i;m, j;n)!gN ]. (10)
1
1
2
2

where gN 1, gN 2 are the average gray values in the interrogation
area of the respective recordings, and the constant denominator is omited. A similar algorithm has been reported by
Fincham and Spedding (1997). But a comparison with Eq. (9)
shows that the deﬁciency in providing the exact result is not
totally removed with Eq. (10).

4
Comparison of evaluation accuracies
4.1
Dependence on the particle displacement
It is known that the assumed periodical repetition of the
interrogation window, which is necessary when applying the
FFT technique, causes a direct dependence of the evaluation
accuracy of the correlation-based interrogation algorithm on
the magnitude of the evaluated displacement (Westerweel et al.
1997). We investigate this inﬂuence with synthetically produced digital PIV recordings. The synthetic PIV recording is
constructed by identifying the location, size, and brightness
of the particle images in a recording taken from a real PIV
experiment (single exposure), that is available in a format of
768;512 pixels.
The gray value distribution of each particle image is
assumed to have a continuous asymmetric Gaussian proﬁle.
The image density in the synthetic recording is 10 to 30 particle
images in a 64;64 pixels interrogation window, and the
particle image size is between 3 and 6 pixels; an example is
given in Fig. 3. The particle images appear elongated in order
to better match conditions that are met in reality. The whole
pattern of the synthetic images is then displaced in 40 steps.
For each step we have a pair of two identical particle image
distributions but with a known and constant displacement, and
these artiﬁcial pairs of PIV recordings are then subjected to an
evaluation by the different methods or algorithms.
The known displacement is chosen to vary between 0 and 20
pixels. Each pair of displaced recordings is evaluated at more
than 800 interrogation points. Sub-pixel displacements are
estimated with the three-point exponential curve ﬁt. The
determined displacements scatter around the true and known
value, and for each test case a RMS error is calculated for the
more than 800 measurements. This RMS error (in pixels) is
shown in Fig. 4 as function of the known displacement for the
three evaluation methods tested: correlation-based interrogation, correlation-based tracking, and MQD method. The

Fig. 3. Simulation of the particle images in a 64;64-pixel window

Fig. 4. Dependence of the RMS error on the particle image displacement when using a 64;64-pixel evaluation window

difference of the horizontal scale between 0 and 2 and between
2 and 20 pixels should be noted.
Figure 4 shows that the evaluation errors of the MQD
method and the correlation-based tracking algorithm are
periodical functions of the particle image displacement with
a period of one pixel. They do not depend on the discrete part
of the displacement, in contrast to the correlation-based
interrogation for which the error increases with the magnitude
of the displacement. As shown by Willert (1996) and Westerweel et al. (1997) the large evaluation errors in the range of
displacements larger than 0.5 pixels can be avoided if one
makes use of a discrete window offset. Here, the result of
applying this off-set is equivalent to the result shown for the
correlation-based tracking. In the displacement range from
0 to 0.5 pixels the error of the correlation-based interrogation
method increases rapidly from zero to a level that is approximately equal to the error level of the correlation-based tracking
method, and considerably higher than the error values found
for the MQD method. At displacement zero the error is zero
only for the interrogation method; it is slightly higher than zero
for the MQD method, and substantially different from zero for
the interrogation-based tracking. The deviation from zero is
a consequence of the asymmetry of the evaluation functions
used for MQD and correlation-based tracking.

4.2
Influence of the evaluation window size
For investigating the inﬂuence of the size of the evaluation
(or interrogation) window on the measurement accuracy we
choose a particle image displacement of 0.3 pixels for the
synthetic PIV recording, and 13 different sizes of the quadratic
window, from 32;32 pixels to 128;128 pixels, as shown in
Fig. 5. As expected, the RMS errors obtained for all three
evaluation methods tested here decreases with increasing
window size, but as one knows, on the expense of the spatial
resolution. For the smaller window sizes, the correlation-based
tracking has the largest errors which soon level with the values
of the correlation-based interrogation method, and the errors
of these two methods are everywhere substantially above the
errors obtained for the MQD method.
These experiments with variable window size also allow us to
examine a phenomenon that has been observed by a number
of experimentalists: PIV data obtained by correlation-based
interrogation are reported to have the tendency of being lower
than the true velocity values, particularly if small window sizes
are used, and this phenomenon was examined quantitatively
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Fig. 5. Dependence of the RMS error on the evaluation window size

Fig. 7. Average displacements of laser speckle patterns measured with
two different methods and with different interrogation window sizes

Fig. 6. Four different sizes of the evaluation window with speckle
patterns

by Freek et al. (1996,1997) who compared their PIV data with
LDA results.
Our ﬁrst experiment related to this phenomenon is performed with an object generating optical speckles and displaced by small amounts (1 pixel). The displacement is then
measured with the MQD method and the correlation-based
interrogation technique. A ground glass plate illuminated by
laser light is mechanically displaced parallel to the plane of the
plate, and respective recordings of the speckle patterns are
taken with a CCD camera. Four different sizes of the evaluation
window, as exempliﬁed in Fig. 6, are used for the evaluation
with the two methods. For each for the 10 chosen values of the
mechanical displacement, an average displacement is determined with the two methods from 576 evaluation points.
The results obtained with the two methods are shown in
Fig. 7, and it is obvious, that the displacement values
determined by correlation-based interrogation are the lower,
the smaller the interrogation window, thus verifying the
reported phenomena. At the same time, Fig. 7 makes evident
that the results measured with the MQD method do not depend
on the size of the evaluation window (‘‘pattern’’). It should be
noted that the true mechanical displacement is not known in
this test.
A similar experiment has been performed with the synthetic
PIV recording, again with relatively small displacements (1

Fig. 8. Average displacements of simulated particle images measured
with two different methods and with different interrogation window
sizes

pixel), and with three different window sizes. The results
(Fig. 8) show the same tendency as it is seen in Fig. 7. They
demonstrate that, when using the correlation-based interrogation technique, one must apply a relatively large window in
order to achieve the same accuracy as with the MQD method
and a small window.

4.3
Influence of the particle image density
The dependence of the evaluation accuracy on the particle
image distribution density is discussed here with synthetic
recordings, in which the position, size and brightness of the
particle images are determined with random number distributions. The synthetic particle images are assumed to have
a symmetric Gaussian (exponential) gray value distribution.
The diameter of the particle images is between 2 and 4 pixels,
and the brightness (gray value) is 130—250. A series of
synthetic recordings are generated with average particle
distribution densities varying from 5— 40 in a 32;32-pixel
window and with particle image displacements from 0 to 0.5
pixel. Figure 9 shows the results of the evaluations by using the
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Fig. 9. Dependence of the RMS error on the particle image density
and displacement by using different algorithms

Fig. 10. Gray value distributions of simulated particle images with
different diameters in a 32;32-pixel window; :magniﬁcation factor

correlation-based interrogation (a), the MQD method (b) and
the correlation-based tracking algorithm (c). The average
particle number in the 32;32-pixel evaluation window is
designated as np in Fig. 9. For correlation interrogation (a) as
well as for correlation tracking (c), the RMS values of the
obtained errors vary signiﬁcantly with the value of np. As one
would expect, the error decreases with increasing number of
particle images in the window. Only for the MQD method is the
error practically independent of np, and its magnitude is in
general smaller than in the cases (a) and (c), except for the
lowest particle image density (np:5) where it might occur that
for a few evaluation positions the window does not include any
particle image. The variation of the errors with the magnitude
of the displacement (0.5 pixel) is in agreement with the
results shown in Fig. 4.

4.4
Influence of the particle image size
Another parameter whose inﬂuence on the evaluation accuracy
will be studied is the particle image size. Again, we use

synthetic PIV recordings. The chosen particle image density
is such that, in the average, 10 particle images are within
a 32;32-pixel evaluation window, while the image brightness
has a random distribution ranging from 125 to 250 (gray
values). We start with a synthetic reference recording in which
the particle images have diameters between 2 and 5 pixels.
Recordings with other particle image sizes are constructed by
using the same particle image distribution as in the reference
recording, but increasing or decreasing the particle image
diameters by a factor . Examples of the particle image
distributions constructed in this way are given in Fig. 10 for
a 32;32-pixel window at a random position in the respective
recordings.
The synthetic patterns are displaced by distances between
0 and 0.5 pixels, and the displacements are measured like in the
previous cases. The results obtained with the three different
methods are presented in Fig. 11. RMS values of the errors
are given as functions of the particle size expressed by the
magniﬁcation factor , that is varied from 0.3 to 1.5. For both
the correlation interrogation and tracking technique (case (a)
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Fig. 11. Dependence of the RMS estimation error on the particle
image diameter and displacement by using different algorithms

and case (c)), the accuracy increases with decreasing particle
size, with an apparent limit at :0.3, probably due to an
insufﬁcient digital resolution. The general behaviour of the
RMS errors for these two methods, (a) and (c), is similar to the
tendency visible in Fig. 9. The magnitude of the errors obtained
with the MQD method, see Fig. 11b, is signiﬁcantly lower than
for (a) and (c). A dependence of the errors obtained with the
MQD method on the particle image size is only visible for the
lowest image sizes, :0.3 and :0.4, and can also be
explained with a too low digital resolution of the particle
images.

5
Acceleration of the MQD method with the FFT
5.1
Description of the technique
An evaluation of PIV recordings by applying the MQD method
in its original form (Eq. (2)) requires a considerable computer
time or capacity. This is similar to the case, when PIV
recordings are evaluated by the correlation-based interrogation technique without using the FFT. In order to accelerate the
evaluation by the MQD method with the FFT technique, the
interrogation function D(m, n) is replaced by an equivalent
function D*(m, n), which is deﬁned as (see also Gui and
Merzkirch 1996)

+\1 ,\1
D*(m, n):M)N)D(m, n)!
g (i, j)2
1
i0 j0
:Q(m, n)!2(m, n)
+\1 ,\1
here: Q(m, n):
g (i;m, j;n)2
2
i0 j0

(11)

where (m, n) is the correlation tracking function as described
in Eq. (5). Because g and g are not assumed here as periodical
1
2
functions, the calculation of this correlation function cannot
be accelerated by directly using the FFT. However, the FFT
technique can be used to calculate (m, n) if a padding
technique is adopted, which is similar to that described by Gui
and Merzkirch (1998) for evaluating PIV recordings by means
of correlation with arbitrarily sized interrogation windows.

Fig. 12. Deﬁnition of the correlated functions for calculating the
correlation tracking function (m, n) with the FFT technique

The procedure consists of the following steps:
1. Deﬁning the periodicity M*, N* for a periodical correlation function *(m, n)



M*:2? if 2?\1(M;2 2?
N*:2@

if 2@\1(N;2 2@

, : integers

(12)

Fig. 13. Calculation of the
evaluation function of the
accelerated MQD method
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2. Deﬁning a function g* (i, j) in the period [0i(M*,
1
0j(N*], see Fig. 12a

g* (i, j):g (i9 , j9 )
1
1
g* (i, j):0
1

if i M;
elsewhere

and j N;
(13)

3. Deﬁning a function g* (i, j) in the period [0i(M*,
2
0j(N*], see Fig. 12b

g* (i, j):g (i! , j! ) if 0i(M;2
2
2
g* (i, j):0
elsewhere
2



and 0j(N;2

4. Deﬁning periodical functions g* (i, j), g* (i, j)
1
2

g* (i;kM*, j;lN*):g*(i, j)
1
1
k, l:0, $1,$2, $32
g* (i;kM*, j;lN*):g* (i, j)
2
2

Fig. 14. Computation time for determining 500 vectors by using
different algorithms and with different sizes of the evaluation window

5. Calculating the correlation function *(m, n) by using
the FFT

*(m, n):

+*\1 ,*\1
i0 j0

g*(i, j) ) g* (i;m, j;n)
1
2

is here the tracking radius, which determines the maximal
component of the particle image displacement that can be
estimated by the tracking algorithm. *(m, n) can be proved to
be the same as (m, n) in the area [9 m( , 9 n( ],
(see Gui 1997). If g (i, j)2 has been calculated before in the
2
tracking area, the calculation of Q(m, n) needs only addition
operations and can be carried out rapidly. The new evaluation
function D*(m, n) can then be determined with (m, n) and
Q(m, n). Figure 13 shows an example of the determination of
D*(m, n) from a double exposed PIV recording sample.

5.2
Computational speed of the advanced MQD method
The computational speed of the advanced MQD method, which
is accelerated by using the FFT technique, is demonstrated by
test runs on a computer with a CPU of ‘‘IBM 6;86 P166;’’.
The computation times for 500 vectors by using the correlation-based interrogation algorithm without FFT (in a period of
M;N), the advanced MQD method (with :10 pixel) and the
correlation-based interrogation algorithm with FFT are shown
in Fig. 14. The side lengths of the quadratic interrogation
window vary from 16 to 128 pixels. The test results demonstrate that the computation time of the advanced MQD method
increases 2 pixel earlier than that of the correlation-based
interrogation algorithm, when the side length of the interrogation window increases. In comparison with the computation
time of the correlation algorithm without FFT, that is equal to

that of the original MQD method, the advanced MQD method
is an algorithm with high evaluation speed.

6
Summary and conclusions
Our investigations were aimed at comparing a PIV evaluation
method described earlier in a short communication (Gui and
Merzkirch 1996) with ‘‘conventional’’ methods in which
a correlation function is used for determining the particle
image displacements. Our studies also permit a comparison
of the two conventional correlation-based methods that are
considered here: evaluation with ﬁxed interrogation windows
and image pattern tracking. For this comparison we used
synthetic particle image recordings whose distributions of
particle images were taken from real experiments or determined by random numbers. These particle image distributions
were displaced numerically so that the true value of the
displacement was known, and the pairs of displaced synthetic
recordings were then subjected to an evaluation by the three
methods considered in these studies: correlation-based interrogation and tracking, and the Minimum Quadratic Difference
(MQD) method.
Our comparison is concerned with the accuracy that can be
achieved in the evaluation, particularly when the displacement
is small (1 pixel). The error that we determine is a statistical
mean from several hundred evaluation positions in the whole
recordings. Note that the true displacement value is the same
for any of these positions. We investigate the inﬂuence of
four parameters on the accuracy of the measurement, these
parameters being selectable in an experiment or for the
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evaluation procedure: magnitude of the displacement, evaluation window size, density of the particle image distribution,
and particle image size. Except for the magnitude of the
displacement (Sect. 4.1), the investigations were performed
with relatively small displacements (1 pixel) when the errors
must be expected to be more signiﬁcant. For all cases reported
in Sect. 4, the best results, i.e. the smallest RMS errors, were
obtained with the MQD method. This result is explainable by
the fact that in the evaluation algorithm of the MQD method
a term appears that accounts for a non-uniform distribution of
the particle images and for a non-uniformly distributed
illumination intensity (see Eq. (3) in Gui and Merzkirch 1996),
while these effects are not taken into account in the two
correlation-based methods and therefore contribute to the
measurement error.
The MQD method is in principle a tracking of particle image
patterns, and therefore it compares more with the correlationbased tracking algorithm than with the evaluation by using
ﬁxed interrogation windows. It can be shown mathematically
(see Sect. 3) that the methods using simple correlations include
principal errors that are not present in the MQD scheme. We
have also shown that the pre-processing of a PIV recording
with the aim of homogenizing the gray value distribution
may result in another principal error of the correlationbased tracking results; this error is avoided when using the
MQD method, but also with the correlation-based interrogation procedures. Since, in the minimization process,
the MQD technique weighs every pixel equally, it is possible
that the evaluation result is affected by the inﬂuence of
background noise to a higher degree than the result obtained
with the correlation-based methods. Analyzing this inﬂuence
could be realized with the use of real PIV recordings,
instead of synthetic recordings, but it would require to know
the true particle image displacements. Additional error
sources that could affect the evaluation results considerably
are out-of-plane motions that are not regarded in our
studies.
Besides accuracy, evaluation speed is another quality
criterion for these algorithms. A fast evaluation requires the
application of the FFT technique. The MQD method in its
original form (Gui and Merzkirch 1996) does not allow a direct
application of FFT. In Sect. 5 we have shown how the MQD
method can be modiﬁed so that the FFT becomes applicable for
accelerating the evaluation. The evaluation speed decreases
with the size of the evaluation window. The computational
time for the evaluation increases as a step function of the side
length of the evaluation window, the stepwise increase occuring with the MQD method for a window size smaller than with
the correlation-based interrogation for which the increase
occurs when the side length increases to the next power of 2 (in
pixels), see Fig. 14. But for wide ranges of the window side
lengths the evaluation speed for the two methods are nearly
equal.
Our investigations also include a quantitative explanation
of the earlier observations, made by a number of experimentalists, that the PIV velocity data tend to be smaller
than the true values, if these are known. We could show that
this is a result of the limited size of the interrogation window
and that this discrepancy decreases with increasing size of the
interrogation window, though at the expense of the local

resolution, but that it is practically not existent for the MQD
method.
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