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A digital mask technique for reducing the bias error
of the correlation-based PIV interrogation algorithm
L. Gui, W. Merzkirch, R. Fei
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Abstract In this paper the bias phenomenon in the evaluation of PIV recordings by using the correlation-based
interrogation algorithm is discussed, and a digital mask
technique, that can effectively reduce the bias error, is
introduced. The correlation-based interrogation algorithm, when masked with a Gaussian window function, can
achieve a higher evaluation accuracy not only for PIV
recordings of ¯ows with small velocity gradients, but also
for that of ¯ows with large gradients.

1
Introduction
Among the various PIV evaluation methods the correlation-based interrogation algorithm plays 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. (1996).
A number of different working routines and tools can be
used for improving the performance of the method. For an
example, 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). Sub-pixel accuracy in determining velocity vectors is possible and in many cases realized with a
three-point Gaussian (exponential) curve ®t. 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). The correlation function can also be used as a tracking criterion for
determining the displacement of an image pattern, that
contains a group a particle images. The correlation-based
tracking schemes were described and applied by Huang
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et al. (1993), Kemmerich and Rath (1994), Okamoto et al.
(1995), Fincham and Spedding (1997).
In comparison with the correlation-based tracking algorithm, the correlation-based interrogation algorithm is
more widely used for evaluating the digital PIV recordings,
because it can be carried out much more rapidly by using
the FFT technique. But when evaluating the digital PIV
recordings with the correlation-based interrogation algorithm a phenomenon is often observed, that PIV velocity
results tend to be smaller than the true values. This bias
phenomenon was examined quantitatively by Freek et al.
(1996, 1997) who compared their PIV data with LDA results. A housetop-like weighting function that is based on
a zero padding assumption was suggested by Raffel et al.
(1997) for correcting of the bias phenomenon and a suitable technique for reducing the bias error.
In the following we shall give a short description of the
two correlation-based algorithms and compare the statistical characteristics of the evaluation results for a synthetic
PIV recording pair by using the two methods. On the basis
of the correlation-based tracking function the bias phenomenon of the correlation-based interrogation algorithm
will then be discussed mathematically. After that a
Gaussian window mask for reducing the bias error of the
correlation-based interrogation algorithm will be described and tested. Further discussion will demonstrate the
accuracy of the new algorithm for evaluation of PIV recordings in ¯ow measurements with and without velocity
gradients.

2
Correlation-based evaluation algorithms
The discrete correlation function when applied to a pair of
digitized PIV recording samples, which are described by
gray value distributions g1 i; j and g2 i; j can simply be
de®ned as follows:
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This form of correlation function is directly used by the
correlation-based tracking algorithm for determining of a
digital particle image pattern (e.g., Huang et al. 1993;
Kemmerich and Rath 1994). The correlation tracking
function R m; n is determined from the function to be
correlated g1 i; j in the tracked M  N pixel image pattern
and g2 i; j in a little larger area (see Fig. 1a).
For the more widely used correlation-based interrogation algorithm, however, the correlation function U m; n
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Fig. 1a, b. Correlating function for the two correlation-based
algorithms

is determined with gray value distributions restricted to the
interrogation window of size M  N pixels. The application
of the FFT for accelerating the calculation of function U
requires to assume the functions to be correlated as being
distributed periodically in the i-j plane with the periodicity
M; N. If U m; n is written as

U m; n 

M X
N
X
i1 j1

g1 i; j  g2 i  m; j  n

2

the function g1 i; j is restricted to the interrogation window and is the same as g1 i; j in the interrogation window.
g2 i; j may expand out of the interrogation window if the
window shifts m, n are not zero. Figure 1b shows the periodical distribution of function g2 i; j and the relative
position of the interrogation window, that contains four
areas signed by A, B, C and D. In area A g2 i; j is the same
as g2 i; j, but in area B, C and D g2 i; j should be determined with the periodicity;

brightness of the particle images are determined with
random number distributions. The synthetic particle images are assumed to have a Gaussian (exponential) gray
value distribution. The diameter of the particle images is
between 2 and 4 pixels, and the brightness (gray value) is
125 to 250. A pair of synthetic recordings in size of
768  512 pixels was generated with an average particle
distribution density of 20 in a 32  32-pixel window and
with a displacement of 0.5 pixel. This synthetic PIV recording pair was evaluated with a 32  32-pixel interrogation window at 5673 interrogation points by using the
two correlation-based algorithms. Sub-pixel displacements
are estimated with the three-point exponential curve ®t.
Figure 2 shows the histograms of the displacements estimated by the correlation-based tracking algorithm
(Fig. 2a) and the correlation-based interrogation algorithm (Fig. 2b).
Figure 2 demonstrates that the evaluation results of
the correlation-based tracking algorithm have nearly a
Gaussian distribution around the real value, i.e. 0.5 pixel.
The distribution center of the displacements evaluated by
using the correlation-based interrogation algorithm,
however, deviates from the real value to the side of
smaller displacements. This bias phenomenon has
already been observed by a number of experimentalists,
and it was examined quantitatively by Freek et al.
(1996, 1997) who compared their PIV data with LDA
results.

3
Analysis of the bias phenomenon
Up to now, the discussions about the bias phenomenon of
the correlation-based interrogation algorithm are usually
concerned with the reduction of the interrogation window
overlap when increasing the window shifts. If the periodically continued data of the correlation template could be
neglected, a housetop-like weighting function that is based
g2 i  kM; j  lN  g2 i; j
1  i  M; 1  j  N; k; l  ÿ1; 0; 1
3 on a zero padding assumption would be suggested to
correct the bias error, (see Raffel et al. 1997). But the peA statistical analysis of the evaluation results by using the riodical padding of the PIV data does affect the functional
two correlation-based algorithms is performed here with value of the correlation-based interrogation algorithm.
synthetic PIV recordings, in which the position, size and Therefore, the explanation about the bias phenomenon
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Fig. 2a,b. Distributions of the evaluation results for the two correlation-based algorithms. a Correlation tracking, b correlation
interrogation
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function R m; n depends not on the interrogation winThus, the partial differentials of U m; n can be written as
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For ideal PIV recordings the function R m; n is statistically symmetrical at the point of the particle image displacement m ; n , and can be assumed to have a
Gaussian distribution:
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As shown in Fig. 1b the correlation-based interrogation
function consists of four parts:

U m; n  UA m; n  UB m; n
 UC m; n  UD m; n
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If the window shifts, m, n are positive, the four partial
correlation functions can be determined as follows:
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The evaluation function of the correlation-based interrogation algorithm is then described as
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The symbol 0 means differentiation with respect to the
respective index given for U. U0m m; n; U0n m; n can be
determined at the point of the particle image displacement
m ; n  as follows:
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On the right in Eqs. (14), (15) the factor A is a positive
constant. For the correlation-based interrogation algorithm the evaluated displacement components m ; n
must be smaller than the half lengths of the interrogation
window sides jm j < M=2; jn j < N=2. Thus, the
second multiplication factors are obviously greater than
zero. The third factors can also be proved to be positive
because of
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Therefore, U0m m ; n ; U0n m ; n  are here negative. That
means for the assumed ideal PIV recordings that the position of the maximum correlation value always deviates
from the true value towards smaller shifts m; n. This discussion can easily be extended to the other three coordinate quadrants.

4
Correction of the bias error
From our previous discussion we know that the bias error
of the correlation-based interrogation algorithm results
from an unequal correlation in different parts of the interrogation window. Around the point of the particle image displacement m ; n  the average correlation value of
the real correlation part (A in Fig. 1b) is usually higher
than that of the periodically padded parts (B, C and D in
Fig. 1b). With decreasing window shifts m; n, the increase
of area A will result in a shift of the maximum correlation
value from m ; n  towards the true point in the correlation plane.
If the particle image displacement is relatively small, we
can use a Gaussian window mask x i; j (see Fig. 3a) for
reducing the variation of the real correlation area and the
in¯uence of the periodically padded areas. The new evaluation function of the correlation-based interrogation algorithm can be de®ned as

rapidly; The product is then correlated with g2 i; j by
using the FFT technique. For the synthetic recording pair
described in Sect. 2 the histogram of the particle image
displacements determined by the new algorithm is shown
in Fig. 3b.
Figure 3 shows that the evaluation results for a small
displacement (here 0.5 pixel) can be perfectly unbiased by
making use of the Gaussian window mask. A further test is
performed with synthetic PIV recording pairs of 16 different particle displacements, whose image distributions
are the same as that described in Sect. 2. These synthetic
recording pairs were evaluated by using both the masked
and normal correlation-based interrogation algorithm
with an interrogation window of 32  32 pixels. The bias
errors of the two algorithms, which are de®ned as the
differences between the average displacement values of
more than 1000 interrogation points and the true values,
are shown in Fig. 4 as function of the particle image displacement.
The results in Fig. 4 demonstrate that the bias error of
the correlation-based interrogation algorithm for relatively
small particle displacements can be effectively reduced by
using the Gaussian window mask. If the particle displacement becomes too large, the window mask cannot
reduce the variation of the real correlation area and the
in¯uence of the periodically padded areas, and, therefore,
is not able to correct the bias error. Fortunately, such a
large magnitude of the particle displacement to be determined can be avoided by applying a discrete offset of the
interrogation window (Willert 1996; Westerweel et al.
1997).

5
Accuracy of the new method
The bias error is only a portion of the total error made in
i1 j1
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applying the correlation-based interrogation algorithm.
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17 When using the Gaussian window mask less information
with x i; j  e
in the interrogation window is applied for determining the
The calculation of function Unew m; n can be performed particle image displacement. In some situations, e.g. with a
in two steps: At ®rst the gray value distribution of the ®rst small interrogation window or low particle image density,
PIV recording sample g1 i; j is multiplied with the win- the evaluation error may, therefore, increase when the
dow mask x i; j, and this step can be carried out very
window mask is used.
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be increased by making use of the Gaussian window mask,
if a suf®cient window size is chosen. When the particle
image density in the PIV recording is not high enough, it
masked correlation
might be necessary to use for the masked correlation interrogation an interrogation window larger than that of the
normal algorithm. But this is not a loss of spatial resolu-0.1
tion of the measured ¯ow ®eld. Because of the Gaussian
window mask the particle images near the window center
play the major role in determining the particle image
normal correlation
displacement. If the size of the interrogation window increases, the effective size of the masked window may still
-0.2
remain small.
These discussions base on the synthetic PIV recording
pairs having a constant particle image displacement. The
application of the Gaussian window mask provides a reduction of the bias error of the correlation-based inter-0.3
0
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14 rogation algorithm, so that the evaluation accuracy is
Displacement (pixel)
increased. In addition, the use of the Gaussian window
Fig. 4. Bias error distributions for the masked and normal cor- mask can also reduce the evaluation error resulting from
the large velocity (displacement) gradient in the PIV rerelation algorithm
cordings. This can be demonstrated by the following tests.
For investigating the in¯uence of the interrogation
A synthetic PIV recording pair is generated with an
window size on the evaluation error we use 15 different average image density of 10 particle images in a 32  32sizes of the quadratic window, from 16  16 pixels to
pixel window, and the other parameters, except for the
128  128 pixels, for evaluating two synthetic PIV reparticle image displacement, are the same as those decording pairs with a particle image displacement of 0.5 scribed in Sect. 2. The image displacement in this repixels. These two synthetic recording pairs have different cording pair varies from 0 to 5 pixel, and its components
particle image densities, i.e. 10 and 20 particle images in Sx ; Sy are determined by cosine functions as follows:
 x 
a 32  32-pixel window, and are evaluated at more than
Sx  5 cos
0  x  768
1000 interrogation points by using the normal and
masked correlation-based interrogation algorithm. The
512

y
determined displacements scatter around the true and
0  y  512
18
Sy  5 cos
512
known value, and for each test case a RMS error is calculated. This RMS error (in pixels) is shown in Fig. 5 as This synthetic PIV recording pair is then evaluated with 17
function of the side length of the quadratic interrogation different sizes of the quadratic window by using the normal and masked correlation-based interrogation algowindow.
rithm. For the test with each window size a RMS error is
Figure 5 shows that the evaluation accuracy of the
calculated from more than 1000 interrogation points. This
correlation-based interrogation algorithm can obviously
0.25
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and it results from an unequal correlation in different
parts of the interrogation window.
The described Gaussian window mask can effectively be
used to reduce the bias error of the correlation-based interrogation algorithm for relatively small particle displacements with suf®cient window sizes. For large particle
displacements this mask technique can be combined with
the technique of discrete window offset. The high evaluation speed of the correlation-based interrogation algorithm is not affected by using the window mask. For PIV
measurements of regular ¯ow the Gaussian window mask
contributes to the reduction of the bias error of the correlation-based interrogation algorithm, so that the evaluation accuracy is increased. In addition, the use of the
Gaussian window mask can effectively reduce the evaluation error resulting from large velocity (displacement)
128 gradients in the PIV recordings.

Fig. 6. RMS error as function of the interrogation window side
for the ¯ow with large velocity gradients

RMS error (in pixels) is shown in Fig. 6 as function of the
side length of the interrogation window.
Comparing Fig. 6 to Fig. 5 we know that the evaluation
error of the PIV measurement in the ¯ow with large velocity gradients is much larger than that in the ¯ow with
small gradients. This can be explained in that the velocity
(displacement) gradient in the PIV recording causes a
deformation of the particle image pattern, which results in
a deviation of the maximal correlation value from the true
displacement. Because of the velocity gradient in the interrogation window an uncertainty arises for determining
the position of the average displacement, especially when
the particle image number in the interrogation window is
very low. When the size of the interrogation window is
relatively large, the evaluation error rises because of the
loss of the spatial resolution of the ¯ow. By using the
Gaussian window mask the parts of the evaluation error
resulting from the position uncertainty and from the loss
of the space resolution can be reduced effectively, so that a
much higher evaluation accuracy is achieved by the
masked correlation-based interrogation algorithm with
appropriate window sizes than by the normal method.

6
Summary and conclusions
Our investigations are, at ®rst, aimed at giving a reasonable explanation of the earlier observations, made by a
number of experimentalists, that the PIV velocity data
tend to be lower than the true values, if these are known.
This bias phenomenon is only observed when using the
correlation-based interrogation algorithm. A statistical
analysis shows that the evaluation results of the correlation-based tracking algorithm are unbiased, i.e. they have
nearly a Gaussian distribution around the real value. The
bias phenomenon can be proved to be a statistical characteristic of the correlation-based interrogation algorithm,
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