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ABSTRACT. This paper presents an algorithm for evaluating measurement uncertainty at individual
points within the Particle Image Velocimetry (PIV) method. The algorithm presents a novel correlation
plane metric known as the Loss of Particle Ratio (LPR). This metric is computed by evaluating the
magnitude of two correlation peaks: Mutual Information (MI) and the autocorrelation peak. LPR is
defined as the ratio of MI, accounting for the total number of particles contributing to signal peak
growth, to the magnitude of the autocorrelation peak, which represents the total number of particles
within an interrogation area (IA). The computation of LPR allows both the overall measurement
accuracy and the accuracy in each direction to be determined. To improve accuracy, the proposed
metric undergoes corrections based on the resultant displacement from the last iteration of the Standard
Cross-Correlation (SCC) algorithm and the gradient value within the TA. The process of determining
the measurement uncertainty relies on the analysis of synthetic data and the application of two tests
— the Uniform Flow Test (UFT) and the Couette Flow Test (CFT). The paper explores the impact
of individual corrections on the metric and establishes dependencies between the adjusted metric
values and measurement uncertainty. The procedure defines the measurement uncertainty based
on synthetic test parameterisation, considering key parameters that influence accuracy, such as the
density of particles within the IA, the velocity gradient, the particle diameter, the displacement in
the last iteration, and the noise level. The synthetic test parametrisation employs various methods
for defining the gradient within the IA. The proposed procedure for determining the measurement
uncertainty, utilising the corrected metric Loss of Particle Ratio, is compared with an approach based
on synthetic test parameterisation for the Standard Cross-Correlation algorithm. The study contributes
insights into the effectiveness of the proposed algorithm in assessing measurement uncertainty, offering
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a comprehensive comparison with existing methodologies.
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1. INTRODUCTION

Since the introduction of the Particle Image Velocime-
try (PIV) measurement method, researchers have
sought to evaluate the magnitude of measurement
uncertainty. However, in the mid-1980s, the PIV
measurement system differed significantly from its
contemporary counterpart. Continuous lasers were
predominantly used in lieu of pulsed lasers, and tra-
ditional cameras equipped with sensitive films were
used for detecting the movement of seeding particles.
Determining the displacement of particle images pri-
marily relied on optic Fourier transformation, followed
by digitisation. Despite the initial complexity and du-
ration of determining the particle image displacement
in the early stages of the PIV measurement method,
[1] presented a study addressing the probability of
signal peak detection. This study examined the cor-
relation between the probability of detecting signal
peaks and a parameter defined as “Effective particle
density”. In the following years, this procedure was
complemented by standardised synthetic tests [2H6].
In these articles, the authors compare individual al-
gorithms and their sensitivity to the quality of the
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recorded image. For more than twenty years since the
PIV method was established, these two approaches
were the only possibility of how to compare the ac-
curacy of individual algorithms and how to estimate
the measurement accuracy. A detailed analysis of
determining the measurement accuracy is provided
by [6], [7], giving a very detailed overview of existing
methods and procedures for determining the accuracy
of PIV measurements. A comparative assessment of
the PIV uncertainty quantification (PIV-UQ) methods
written by [§] gives an overview of four recently pro-
posed methods — the uncertainty surface method [5],
the particle disparity approach [9], the peak ratio cri-
terion [6], and the correlation statistic method [10].
Boomsma et al. [11] also deal with the comparative
experimental evaluation of uncertainty quantification
methods, illustrating strengths and weaknesses of the
methods and identifying future directions for further
development and improvement.

In 2013, Xue et al. [I2] published a new procedure
for determining measurement uncertainty based on
defining a suitable metric of the correlation plane and
determining relationship between the metric value and
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FIGURE 1. Influence of density on the magnitude of particle displacement. Comparison of results of synthetic tests

(S.T.) and the discovered parametric dependence (Par.).

the measurement uncertainty based on an analysis of
synthetic tests, such as the Uniform Flow Test and the
Couette Flow Test. In the following years, Xue [I3]
expanded this theory by using a new metric referred
to as Mutual Information, which allowed for a more
accurate determination of the correlation between the
metric value and the measurement uncertainty. A real
flow-field application of uncertainty estimation using
the MI metric was presented by Xue [14]. Recently,
other authors dealing with the issue of accuracy in
PIV measurement have been focusing on the issue of
micro PIV particle tracking velocimetry and the use
of neural networks [I5HI7]. Novotny et al. [I8] [19]
published the possibility of using corrected metrics
to accurately determine the correlation between the
metric values and the measurement error. In our
work, we aim to build on the findings of authors
Xue et al. [I3] and define a new metric based on the
principle of determination of the MI value. Another
aim of this work is to find a link between the results
of synthetic tests and the metric of the correlation
plane. This work builds on and extends the collective’s
original work [20] on this topic presented at the 2018
conference.

2. PARAMETERISATION OF MAIN
CHARACTERISTICS

The results of synthetic tests for the SCC algorithm
are well known and have been published many times.
The total measurement error in pixels is primarily
influenced by the following parameters:

e The size of the particle image is characterised by
the diameter of the detected particles in pixels.

o Particle density is quantified as the count of individ-
ual particles within a specified Interrogation Area

(1A).

¢ Displacement magnitude is measured as the relative
particle displacement in pixels, highlighting both
the total displacement magnitude and the displace-
ment determined in the last iteration.

o IA size is established by the dimensions of the edge
of the interrogation area in pixels.

e The magnitude of the velocity gradient is computed
as the disparity in displacement on opposite sides
of the IA divided by the diameter of the seeding
particle.

e The noise level is determined under the assump-
tion of symmetrical noise distribution, ascertained
through the detection of the histogram peak in
recorded images [21].

A specific objective of this work is to develop a set
of equations that describe the results of synthetic tests
for the SCC method as a function of key parameters.
Another objective is to estimate the total measure-
ment error using these parametric equations. All of
the equations presented in this work are the result
of optimisation analyses applied to the synthetic test
data. Figure [l| shows a comparison of the results of
the Uniform Flow Test, Total error depending on the
displacement, and a suitable parametric equation (in
pixels). The equation describing the UFT results ac-
cording to Figure[I] can be written, for both directions,
as follows:

0.08
Odz,Ni = dT - (0.16 CNiTO42 4 .)7
Ni

(1)

day,Ni = dy - <0.16 CNiT042 4 ONO18>,

where Ni is the density of the seeding particles in an
area of 32 x 32 pixels, dr and dy are the subpixel val-
ues of the displacement detected in the last iteration.
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FIGURE 2. Influence of density on the velocity gradient. Comparison of the results of synthetic tests for different TA
and seeding density Ni and discovered parametric dependence.
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Fi1cUrE 3. Influence of particle size on total error for noise level Ni = 20, dz = 0.5 pixel. Comparison of the results
of synthetic tests (S.T.) and the discovered parametric dependence (Par.).

The constants 0.16, —0.42 and 0.08 are the result of
optimisation analyses associated with the fitting. The
dependence of the total measurement error on the
velocity gradient level is usually determined with the
help of the Couette Flow Test and is shown in Figure[2}
In this diagram, the gradient value is a function of the
diameter of the seeding particles, in contrast to the
conventional size of the edge of the TA. The reason
for using this gradient definition, defined by [I], is
that with such a defined gradient, the resultant CFT
dependencies form a mutually displaced set of curves
suitable for parameterisation, as shown in Figure
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The set of equations describing the CFT results
depending on the main parameters can be written as:

6cr = 0.7 Kni((0.015 - €"99%) +0.02- Gr), (2)
Kyi =5.77- N,CD), (3)

where KNi is the particle density coefficient and Gr is
the gradient value. All constants in Equations
and are the result of optimisation analyses associ-
ated with the fitting.

Other parameters that affect the total measurement
error are the particle image size and noise level. Fig-
ure [3| shows the results of the corresponding synthetic
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FIGURE 4. Schematic illustration of procedure for calculating MI.

tests for the UFT. This diagram shows the dependence
of the total error on the noise level for particle density
Ni = 20 and for a single displacement of 0.5 pixels.

The parametric set of equations describing the UFT
results shown in Figure [3| can be written as:

. dp-1.15—-1.5
SNodp =Ko - (6 2:dp | p)
(4)

100
No
— (dp—2.6) - —
(dp —2.6) - 7¢
Kno=(9-NJ6.2) - N, +1, (5)

where dp is the particle diameter in pixels, Ky, is the
noise level coefficient and No is the noise level. The
noise level No was determined from the histogram for
each IA separately [22].

The error determined using the approximation
assumes a maximum possible displacement measured
in the last iteration, i.e. 0.5 pixels and particle density
Ni = 20. Since the influence of both the noise level
and the particle diameter is dependent on the den-
sity and displacement of particles within the TA, the
coefficient dno,qp, calculated according to the Equa-
tion , has to be modified by coefficients K, ni
and Kgy ni. Coefficient Ky, (qy) ni is defined by the
following equation:

B Odz,Ni
KizNi = P
dz=0.5,Ni=20 (6)
% B Ody,Ni
dy,Ni —

Ody—0.5,Ni=20

After the specification of all the necessary parame-
ters and determining the total error using the approxi-
mated relations, the final equation by means of which
the overall measurement accuracy can be determined
at a given point and direction can be written as:

_ 2 2 2
5tota1,dx - \/5Gr + Kd%Ni(SNo,dp’

(7)

_ 2 2 2
Ototal,dy = \/ 0 + Ky ni0yo 4

The total measurement error is then given by the
equation:

_ 2 2
Ototal = \/6total,da: + 5t0ta1,dy‘ (8)

Equations and 7 with the knowledge of all the
main parameters defining the features of the recorded
data, allow the user to determine both the total mea-
surement error at each point in the measured area,
as well as the measurement error in the z-axis and
y-axis directions.

3. CORRELATION PLANE METRICS

The definition of a suitable metric within the corre-
lation plane was described in detail by [12] [13]. This
work defines metrics, such as the Primary Peak Ratio
PPR and Mutual Information MI.

The metric value MI, according to the calculation
given by [II] and as shown in Figure |4 can be in-
terpreted as a number of particles actively involved
in the signal peak growth. The MI calculation is
based on determining the image of the “average” par-
ticle within each IA and the subsequent calculation
of the autocorrelation peak. The diameter of this
particle is defined by the diameter of the autocorre-
lation peak TA and the height of the peak is given
by the maximum value inside the IA. The MI value
is given by the ratio of the size of the signal peak
to that of the autocorrelation peak, which is gener-
ated by the average particle. Although this method
of defining the metric is a breakthrough — it is an
easy and robust procedure for determining the num-
ber of particles actively contributing to the signal
peak growth, and thus to the improvement of the
signal-to-noise ratio, it still has a few shortcomings.
The value of the determined metric does not take into
account the total number of particles in the area or
the number of lost pairs. The results of the synthetic
tests also show a significant impact of the detected
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FIGURE 5. Relationship between the LPR metric and the total error. The result of synthetic test — CFT for gradient

in the range Gr = 0-1.5 and Ni = 5-30.

displacement in the last iteration and of the gradi-
ent level. For these reasons, we proposed correcting
the MI metric by the value of the total number of
particles within the TA. According to Figure[4] a cal-
culation of Ni can be achieved by a simple correction
to the algorithm used to calculate the MI value as
suggested by [I1]. The only difference between the Ni
and MI calculations is that, rather than determining
the ratio of the Cross-Correlation peak magnitude
and the average particle peak, the ratio is calculated
as a ratio of the autocorrelation peak magnitude to
the average particle peak. A new metric is suggested
that will take into account both the total number of
particles and the number of particles contributing to
the signal peak growth is suggested. It is written as
follows:

LPRMI gz Ni = ML (0.01 +2-d, - N;)7™1 (9)

This metric is labelled as Loss of Particle Ratio
and is corrected by the maximum value of the dis-
placement detected in the last iteration. For such
a defined metric, the correlation between the metric
value and the measurement error according to Fig-
ure [5] can be determined with the help of synthetic
tests. In our case, we employed a classic multi-step
standard correlation algorithm with an IA size of
32 x 32 pixels. The particle density was modelled
in the range from 5 to 30 particles. The particles
were always considered to be circular with a Gaussian
signal without an average scattering. Images with
a particle diameter of 2.2, 3, and 4 pixels were tested.
With respect to the particle diameter, the gradient
in the test data for the CFT test was considered to
be in the range from 0 to 1.5. As shown in Figure
the use of the LPR metric also allows us to deter-
mine the suitable mathematical correlation between
the metric value and the measurement error. The
dispersion of values, indicated by the metric, is due
to a different levels of the tested gradient. Since the

424

proposed metric is corrected only by the displacement
value, it is possible to correct the resultant metric
using the gradient value as shown in the following
equation:

LPRMm1,Gr.deNi = (MI- (1 —0.4 - Gr))

1 (10)
-(0.01 +2-d, - ;).

The correction of the metric by the LPR gradient, as
shown in Figure[6] minimises the dispersion caused by
the gradient and a correlation between the value of the
corrected metric and the total measurement error can
clearly be seen. Although using the corrected metrics
according to the Equation clearly yields better
results, it is still possible to see a certain variance
of values in Figure [7] This variance is particularly
noticeable for metric values close to the minimum
value of 1 and for metric values greater than 10 (see
Figure |§| for details). This variance in values can be
eliminated by correcting the MI algorithm. In the
results presented by us, the MI is calculated according
to the algorithm shown in Figure [d] In this algorithm,
the MI value is determined as the maximum size of
the correlation peak. However, this value varies de-
pending on the size of the particle displacement and
can be up to 50 % lower than the correct value. In
order to eliminate this distortion, the correct value of
the maximum in the correlation plane must be deter-
mined either through point regression or by employing
a three-point subpixel interpolation according to the
following equation:

R(z,y)
exp (f_(l’;fﬁ)
[

where R(x,y) is the value in the centre of the correla-
tion peak, g is the true position of the peak in the
correlation plane, D, and D, (assuming a Gaussian
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synthetic test — CF'T for gradient in the range Gr = 0-1.5, Ni = 5-30, and dp = 2-4.5.

particle shape) are the diameters of the peak in direc-
tions x a y, respectively, and are calculated according
to the following equation:

D — 32(x — xp)

The resulting comparison using a more accurate
determination of the peak maximum in the correla-
tion plane is shown in Figure[7} Figure [Ta] shows the
dependence of the total error determined on the basis
of a fully corrected LPR metric and the corresponding
range of the standard deviation 1o. It is obvious that
the value of 1o is constant in the whole range of the
tested values at the level of about 6 % of the deter-
mined value of the total error. The only exception
is the area in whichh the LPR metric values are less
than 1.4. In this area, the value of 1o is more than
doubled and corresponds to about 14 % of the total
error. The aim of this study was not only to deter-

(12)

mine a suitable metric defined from the correlation
plane but also to find a link between the results of
the synthetic tests and their parameterisation and the
correlation plane metrics. Assuming our predictions
are correct, such a metric can be defined as a function
of the main parameters that will display the same
functional dependence between the metric value and
the measurement error as the corrected LPR metric.
An equivalent metric defined by the main parameters
affecting the quality of the correlation plane can be
written as:

LPR‘NIGI‘d:L’dp_O25+(N% (1—044 GI‘)
dp
0.16+0.2- dx+ﬁ+044 Gr
4
LPRNi,Gr,dy,dp = 0.25 + (Nf (1-0.44 - Gr))
dp
1 2-d — 44 -
(0 6+ 0. y+200+0 G)
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FIGURE 8. 2D PIV measurement of sudden expansion. Circular pipe, extension ratio of 1:2.

PR = \/LPRxi Gr.dr.dp” + LPRi.Grayar’  (14)

Figure [7H] shows the resultant comparison of both
metrics and the functional dependence found between
the metric value and the measurement error. The
equation describing the correlation can be written in
the form suggested by [I1]:

LPR]?
2
o= |1755-¢ |—-0.32 | ——
[ { 0.18 ]

(15)
+ (052 LPR™1%%)% 4 (0.001)2.

The equivalent equation to determine the measure-
ment error depending on the MI metric, in the form
given by [I1], is given by the following relation:

9 2
26.22 05| M
i Bl Y VY]

+ (0.8739 - MI™09439)% 4 (0.05)2.

0'2:

(16)

In Equations and , the constants listed at
the end of the equation are threshold values defining
the minimum measurement error. All other constants
in these equations are the result of optimisation anal-
yses associated with the fitting.

4. CASE STUDY: SYMMETRIC FLOW
WITH SUDDEN EXPANSION

In order to compare the MI metric, as defined in [I1],
with the LPR metric, we selected a symmetric flow in
a circular channel with a sudden expansion (Figure .
The maximum displacement value in the middle of the
measured area was approximately 8.5 pixels, while the
minimum approached zero. The number of particles
within the area of 32 x 32 pixels ranged from 4 to 15
particles.

The comparison clearly shows that, for larger val-
ues of the measured displacement, both approaches
give very similar results. The main difference is in
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determining the accuracy of the measurement in areas
in which the measured displacement approaches zero.
In these areas, the measurement error determined
on the basis of the MI value is several times greater
than the measured displacement and, in principle, is
proportional only to the number of particles in the
area. For this reason, in places with an offset of less
than one pixel, the resulting accuracy determined ac-
cording to the MI metric does not reflect the effect of
the magnitude of the offset measured in the last itera-
tion. Our LPR metric, which corrects the MI value by
the number of Ni particles and the gradient, tries to
eliminate this shortcoming. Another parameter that
affects the size of the LPR metric is the measured
offset in the last step of the iteration algorithm. The
resulting comparison is shown in Figure [0

5. CONCLUSION

Based on the knowledge of synthetic test, we have
found a suitable set of equations to describe the UFT
and CFT results for the SCC algorithm. We also de-
fined a new metric — the Loss of Particle Ratio, which
suitably describes the quality of the flow field. The
LPR metric is defined as a corrected ratio of the num-
ber of seeding particles contributing to the correlation
plane growth and the total number of particles within
the TA. We proposed correcting the LPR metric by
using the magnitude of the displacement detected in
the last iteration and the gradient value within the IA.
We also designed and tested the use of the LPR metric,
which is based on knowledge of the main parameters
that define the quality of the recorded image. Both
metrics were compared and a common dependence
for the determination of the measurement error was
found.

Although the use of the LPR matrix appears suit-
able for determining the total measurement error, in
the following work, it is necessary to clarify the influ-
ence of several parameters that were not considered in
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this work. In our tests, we always worked with a parti-
cles of a constant size, however, in real measurements,
the diameter of the particles in the TA varies. Varying
particle sizes in real data will lead to an ambiguity in
determining the gradient, which significantly affects
the resulting total measurement error. For this reason,
in the following work, it will be necessary to perform
a suitable sensitivity analysis and determine the effect
of varying particle sizes within the IA. Furthermore,
it will be necessary to determine the sensitivity of the
procedure to other parameters in order to verify its
overall uncertainty. Despite the above-mentioned am-
biguities that need to be resolved in further research,
we consider the procedure for determining the total
error to be suitable, particularly in areas with small
displacements or lower density of marking parts.
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