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Abstract. An estimation of a measurement accuracy at each measured point is crucial regarding
the applicability of results of the measurements. The aim of this work is to determine the correlation
between individual metrics and the measurement accuracy by using corrected metrics of the correlation
plane. This work is based on defining a corrected metric using known metrics corrected by the
displacement measured in the last iteration, the number of the particles and the velocity gradient
inside the interrogation area. The resulting tests are performed using conventional synthetic tests. The
discovered dependencies between individual corrected metrics are subsequently approximated in order
to determine the measurement accuracy. And, finally, the most suitable variant for the determination
of the accuracy of the measurement by the particle image velocimetry method is specified.
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1. Introduction
In this work, we focus on a description of the in-
terconnection between the ratio of the primary and
secondary peak in the correlation plane, known as Pri-
mary peak ratio (PPR), and the error of evaluation of
the measured displacement by the PIV method. The
aim of this work is the correction of the PPR metric
by the main parameters that define the quality of
the measured data in order to find a clear correlation
between the metric and the measurement accuracy of
the PIV method.
One option to evaluate the measurement accuracy

at a specific point is to track the dependency of
the Primary peak ratio. It is possible to split the
cross-correlation of particle images RS into the cross-
correlation of the noise RC, cross-correlation of the
signal and noise RF and cross-correlation of the signal
RD. A brief illustration is shown in Figure 1. Arti-
cle [1, 2] state that the height of the signal peak and
the PPR are proportional to the number of particles
NI. Another factor that affects the height of the peak
is the number of lost pairs FI. The diameter and
shape of the peak are also influenced by the particle
diameter Di and by the velocity gradient F∆ inside the
interrogation area IA. If this inequality (NIFIF∆ > 5)
applies, there is a 95% chance that the highest peak
is equal to the signal peak. The evaluation of the men-
tioned parameters (NI, FI, F∆) is not so trivial and
that is why these parameters are not currently used
to determine the measurement accuracy. Though it is
difficult to evaluate the mentioned parameters, more
than 30 years ago, a clear context has been found
between the measurement accuracy and the shape of
the correlation plane [3, 4]. When using the classic
PIV iterative algorithm, the measurement, where the
highest peak represents the displacement and the sec-

ond highest peak represents the result of the random
correlation — noise peak, can be considered as the
correct one.
Over the 30-year existence of the PIV method, a

whole range of metrics has been defined [6, 7]. The
above-mentioned metric PPR complements the ratio
of quadrates of the primary peak height and the root
mean square of all peak heights, known as Peak to
root mean square ratio (PRMSR), and the ratio of
the primary peak height quadrate and the energy in
the correlation plane, known as Peak to correlation
energy (PCE). To the mentioned main metrics, a
metric, called the Mutual information MI, has been
added. The definition of the metric MI is different
from the main metrics. The metrics PPR, PRMSR
and PCE are defined only by resulting the correlation
plane, from which the displacement is also defined. To
determine the MI metric, it is necessary to evaluate
the final cross-correlation plane and, moreover, the
autocorrelation plane defined by the autocorrelation
of the average particle [8]. The metric MI is then
defined as the ratio of maximum values in the cross-
correlation and autocorrelation plane:

MI = max. val. in corr. pl.(cross-corr. of all part.)
max. val. in corr. pl.(autocorr. of av. part.) .

(1)
A schematic procedure of the calculation of the metric
MI is shown in Figure 2.
This metric represents the number of particles NI

inside the interrogation area and it is a very good
measure of the quality of the correlation plane. In [8],
the synthetic tests, which have been done with the
number of particles NI from 5 to 30 particles in an
interrogation area with a size of 32 × 32 pixels, are
very well described. Results of these synthetic tests
were divided into 40 subgroups according to the value
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Figure 1. The effect of individual components of the signal on the resulting shape of correlation plane; IA =
32 × 32 pixels, NI = 10, F∆ = 0 [5].

of the tested metric. For each range of the value of
the metric, the error was evaluated as the root mean
square error of the measurement in each subgroup.
For a real use of the individual dependencies, authors
of [8] also defined the approximation function of the
mentioned dependencies. The following equation is
based on the model, which was presented in [7], and
then modified in [8] to the following form:

σ2 =
(
M exp

(
−1

2

(φ−N

S

)2 ))2
+(AφB)2+C2. (2)

The dependency of the evaluated root mean square
error on the values of the PPR is shown in Figure 3.
The factor M in (2) is proportional to the total

error of the measurement and φ is the value of the ad-
equate metric. The coefficient S is proportional to the
real achievable value of each metric. The minimum
value of N can easily be derived from the definition
of the appropriate metric. For the PPR, the mini-
mum value of N is Nmin = 1, for the PRMSR, the
minimum value of N is Nmin = 4, for the PCE, the
minimum value of N is Nmin = 1. For the MI, the
minimum value of N is Nmin = 0, considering no
particles inside the interrogation area. The next part
of (2) approximates the effect of correctly measured
data and their contribution to the total error of the
measurement. The parameter A is proportional to the
deviation from the correct value and, vice versa, the

parameter C corresponds to the minimum deviation
of the measurement.

According to [8], the total error of the measurement
dependency on the PPR metric can be defined as
follows:

σ2
SCC =

(
10.47 exp

(
−1

2

(PPR− 1
1.12

)2 ))2

+ (1.913φ−1.371)2 + (2.221 · 1014)2. (3)

2. Experiment
The effect of specific parameters on the measurement
accuracy can be tested using synthetic tests. Two
different synthetic tests were used – Uniform Flow Test
(UFT) and Couette Flow Test (CFT) [10]. Uniform
Flow Test simulates a velocity field with a constant
displacement, Couette Flow Test simulates a velocity
field with a constant velocity gradient within the whole
Interrogation area. The mean displacement of the
particles’ deviation from the assumed value of the
particle displacement is monitored during the tests.
This deviation is denoted as a systematic error β.
Another monitored parameter is the fluctuation of the
displacement deviation around the mean value of the
assumed displacement, which is denoted as a random
error δ. Sum of these errors is the total error of σ the
measured displacement. According to [11], mentioned
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Figure 2. Schematic illustration of procedure of calculation metric MI [9].

Figure 3. Root mean square error dependency on
metric PPR [8].

errors are defined as follows:

β = u− ū, δ =

√√√√ 1
N

N∑
i=1

(ui − ū)2,

δ =

√√√√ 1
N

N∑
i=1

(ui − u)2, (4)

where u is the value of the assumed displacement of
the particle, ū is the measured mean value of the
displacement and ui is the measured displacement.
When generating synthetic data, it is important to
ensure that the synthetic data are generated correctly.
An excellent guideline for a proper data generation
can be found in [4, 12]. In our work, the Standard
cross-correlation (SCC) method was used to process
the results of the synthetic tests. The resulting de-
pendency between the specific value of the corrected

metric and the measurement accuracy is applicable
only to the SCC algorithm. A detailed description
and results of the synthetic tests can be found in [13].
An example of the results of both synthetic tests are
shown in Figure 4.

3. Corrected metric
Although the authors of the presented functions have
done a great job, the use of these functions is only
indicative. The metric PPR is not considering the
effect of the number of the particles inside the inter-
rogation area, the diameter of the particles and the
displacement measured in the last iteration on the
total error of the measurement. Also, the usefulness
of (3) is arguable, because this dependency is mostly
monitoring the set of the data of apparently wrongly
measured vectors and not just correctly measured
data. For this reason, it was necessary to define a new
metric to address these mentioned shortcomings. At
first, the new metric was corrected by the measured
displacement in the last iteration, and also by the
number of the particles inside the interrogation area
IA. When defining the new metric, it is also neces-
sary to consider the velocity gradient inside the IA.
The value of the velocity gradient is defined as the
ratio of the maximum difference of the displacement
inside the IA and the diameter of the particle. The
corrected metric PPR∆,MI,GR can be formulated in
the following form:

PPR∆,MI,GR

= PPR − 1
0.01 +

√
∆x2 + ∆y2MI0.42

+ sgn(CR) 4 exp
(MI

20
)

exp(GR)−1

. (5)

To evaluate the dependency of the corrected metric
PPR∆,MI,GR on the total error of the measurement,
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Figure 4. Example of the results of the synthetic tests – UFT (top), CFT (bottom) [13].

the synthetic tests mentioned in Section 2 were per-
formed for several numbers of particles inside the IA
and several values of the velocity gradient inside the
IA. Based on these tests, a new definition of the mea-
surement error dependency on the corrected metric
was determined and formulated in the following form:

σ2 =
(
−1.5 exp(−PPR2

∆,MI,GR)
)2

+ 0.8
(
PPR−1.1

∆,MI,GR
)2
. (6)

The final graph showing the dependency of the total
error of the measurement on the corrected metrics is
shown in Figure 5.

4. Conclusions
This work deals with the evaluation of a measure-
ment accuracy based on the detection of the ratio
of the primary and the secondary signal peak – the

PPR and its correction, considering other parameters
influencing the measurement accuracy, by using the
Particle Image Velocimetry method – PIV. Among
other things, a procedure how to determine the num-
ber of the particles inside the IA is listed in this work.
To define the corrected metric, a velocity gradient
inside the IA was determined using the diameter of
the particles and not, as it is usual, using the size of
the edge of the IA. The corrected metric PPR∆,MI,GR
is introduced as well as its dependency on the total
error of the measurement.

List of symbols
∆x Horizontal displacement [pixel]
∆y Vertical displacement [pixel]
A Coefficient of the correct value of displacement [1]
B Exponent [1]
C Minimum deviation of measurement [1]
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Figure 5. Dependency of the corrected metric PPR∆,MI,GR on the total error of the measurement. Results of
synthetic tests UFT and CFT for four different numbers of the particles. Velocity gradient inside IA was between the
values 0 to 1.5.

Di Particle diameter [pixel]
F∆ Velocity gradient [1]
FI Number of lost pairs [1]
GR Velocity gradient [1]
M Coefficient of total error of measurement [1]
MI Mutual information [1]
N Minimum value of specific metric [1]
NI Number of particles [1]
PCE Peak to correlation energy [1]
PPR Primary peak ratio [1]
PPR∆,MI,GR Corrected Primary peak ratio [1]
PRMSR Peak to root-mean-square ratio [1]
RC Cross-correlation of noise [1]
RD Cross-correlation of signal [1]
RF Cross-correlation of signal and noise [1]
RS Cross-correlation of particle images [1]
S Coefficient of real value of metric [1]
u Assumed displacement [1]
ui Measured displacement [1]
ū Measured mean displacement [1]
β Systematic error [pixel]
δ Random error [pixel]
σ Total error [pixel]
Φ General metric value [1]
IA Interrogation area
CFT Couette Flow test
PIV Particle Image Velocimetry
SCC Standard Cross-correlation
UFT Uniform Flow test
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