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Abstract

A data-driven approach to reconstruct high-resolution flow fields is presented. The method is based on ex-
ploiting the recent advances of SRGANSs (Super-Resolution Generative Adversarial Networks) to enhance
the resolution of Particle Image Velocimetry (PIV). The proposed approach exploits the availability of in-
complete projections on high-resolution fields using the same set of images processed by standard PIV. Such
incomplete projection is made available by sparse particle-based measurements such as super-resolution par-
ticle tracking velocimetry. Consequently, in contrast to other works, the method does not need a dual set
of low/high-resolution images, and can be applied directly on a single set of raw images for training and
estimation. This data-enhanced particle approach is assessed employing two datasets generated from direct
numerical simulations: a fluidic pinball and a turbulent channel flow. The results prove that this data-driven
method is able to enhance the resolution of PIV measurements even in complex flows without the need of a
separate high-resolution experiment for training.

1 Introduction

The enhancement of the spatial resolution in Particle Image Velocimetry (PIV) is a long-standing line of
research. Many efforts have been directed towards increasing both the Dynamic Spatial Range (DSR)
and the Dynamic Velocity range (DVR), defined as the ratio between the largest and smallest measurable
length/velocity, respectively (Adrian, 1997). An increase of the DSR can be achieved either by technological
advances (enlarging the sensor size) or by algorithms capable of reducing the size of the smallest resolvable
scale. Along this line, it has been assumed for long that the mean interparticle spacing was the lowest bound
for resolution, unless temporal information is used in the process. For time-resolved PIV, this process has
led already to several successful applications in 2D and 3D (see for instance Hain and Kéhler|2007).

The challenge of achieving higher resolution flow fields is critical in turbulent flows in which the spatial
scales have a wide spectrum, being the ratio between the integral scale and the Kolmogorov scale propor-

tional to Re3/* (Pope, 2000), where Re is the Reynolds number based on the large-scale size and velocity.
Due to their presence in a large number of relevant fluid-flow problems, in recent years, applications based on
ensemble-correlation (Westerweel et al., 2004; |Scharnowski et al., 2012)) and ensemble-particle-averaging
(Cowen and Monismith, [1997; Kahler et al., [2012; |Agiiera et al., [2016) approaches have been employed
to increase the resolution of flow statistics in standard two-frame applications. Unfortunately, the outcome
of these approaches is restricted to obtaining high-resolution turbulence statistics since, when it comes to
obtaining instantaneous fields, the resulting outcome is a sparse sampling of the velocity field that does not
provide enough information to study the flow features.

To overcome these limitations, recently, a model-free fully-data-driven method to enhance the spatial
resolution of two-frame PIV fields has been proposed by (Cortina-Fernandez et al.| (2020). The method is
based on using sparse Particle-Tracking-Velocimetry (PTV) data to build a high-resolution dictionary of
Proper Orthogonal Decomposition (POD) modes. The POD modes are then used to reconstruct velocity
fields using a POD temporal basis obtained from low-resolution PIV fields. This method has the main
limitation of being based on linear projection on temporal modes obtained from low-resolution PIV fields.
Consequently, it cannot resolve non-linear dependencies, especially for what regards features that are not
resolved in the original low-resolution PIV fields, which are recurrent in turbulent flows.

Convolutional neural networks (CNNs) and generative adversarial networks (GANSs) are now offering
new opportunities for super-resolution imaging, and have already been used for resolution enhancement of



turbulent flow fields (Fukami et al., [2019; Deng et al., 2019; |Liu et al., 2020; |[Fukami et al., 2021). GANs
for image super-resolution (SRGANS), in particular, have show promising resolution upsampling also for
PIV experiments. While the success of these works is undeniable, they are all limited by the need for a
high-resolution target for training, i.e. a set of pairs of fields with low and high resolution are needed, which
limits their applicability. It is indeed difficult to obtain from experimental data, and somewhat implies that
high-resolution measurements are already available.

While it is true that in PIV experiments there is not a pair of low and high resolution fields, we always
have available at least an incomplete projection of the low-resolution fields onto an high-resolution one.
Indeed, while PIV fields are obtained from cross-correlation of groups of particle images, PTV provides
vectors at the level of the single particle, without filtering effects. This corresponds to sampling the field
in scattered location, thus providing an incomplete (“gappy’) view of the high-resolution field. The ansatz
of the work presented here exploits the capability of GANSs to be trained with conditional data to generate
high-resolution fields from PIV fields using only this scattered information. Being the great advantage of
this work, the ability to achieve high-resolution fields without having a priori any high-resolution field.

2 Methodology

2.1 PIV-tailored GAN

Generative adversarial networks are composed of two competing networks, a generator, in charge of pro-
ducing an artificial output which mimics reality, and a discriminator, which oversees distinguishing between
reality and artificial outputs. For this work, the architecture proposed in |Ledig et al.|(2017) has been used.
However, following the findings of [Wang et al.| (2019) the batch-normalization layers have been removed to
ensure a proper fitting of the deep layers in the architecture.

The in-plane PIV velocity components are fed to the generator, which applies a convolutional layer with
filter size 9 x 9 and 64 feature maps, followed by a parametric ReLU (PReLU) activation function. After
these initial layers, 16 residual blocks are applied with the layout proposed by Gross and Wilber|(2016), i.e.,
a convolutional layer followed by a PReLU activation function and a second convolutional layer, with 64
feature maps of filter size 3 x 3 for both convolution operations. Before increasing the resolution, a skip-
connection sum is performed between the output of the residual blocks and the output of the initialization
layers. The subpixel convolution layer proposed by [Shi et al.| (2016) is used to increase the resolution up to
the targeted-PTV one. Finally, a convolution operation with linear activation function and filter size 9 x 9 is
applied to recover the in-plane PTV velocity components as outputs.

Both the real and generated PTV fields are fed into the discriminator network. It must be noted that
the real fields are sparse, while the entire information is provided by the GAN approach. The initialization
of the network is carried out by a convolution operation of filter size 3 x 3 and 64 feature maps, followed
by Leaky ReLLU (LReLU) activation function. After this, 7 discriminator blocks of successive increasing
feature maps and are applied, where the discriminator blocks are composed of convolutional layers of 3 x 3
size and LReL.U activation function. Note that odd blocks applied a stride step larger than one to reduce the
height and width of the feature maps. Finally, the feature-map tensor is flattened into a vector, followed by
a fully-connected layer of 1024 neurons with LReLU activation function and output fully-connected layer
with one neuron and sigmoid activation function. This output gives a probability of whether the input is real
(0s) or fake (1s).

The generator loss is defined with weighted mean-squared error of the predicted output with respect to
its target. The target is built from the scattered vector discretized in windows, from now on called “bins”.
Binned-PTV distributions are obtained by setting to O the velocity in empty bins, and to the average velocity
of the vectors within the bin when one or more vectors are founds. The error is weighted to consider only
those bins in the target where there are vectors. Moreover, an adversarial contribution is added to the error.
This adversarial loss, weighted with a factor of 0.001, is defined as the binary cross-entropy of the predicted
fields, i.e., to check if the discriminator has defined as fake the generated fields. The discriminator loss is
defined as the mean values between the binary cross-entropy of the predicted fields and the target ones. For
the latter, the error checks if the discriminator has recognized those fields as reals. It is worth to mention that
to increase the stability of the GAN training all the cross-entropy errors have been perturbed with a random
fluctuation of standard deviation 0.2.

The different cases have been trained during 100 epochs with 8 samples per batch. The generator and
discriminator states have been stored each 5 epochs to find later the optimum point before the GAN starts
overfitting. Both networks’ weights have been updated using Adam optimizer with learning rate 0.0001. A
schematic view of the architecture is presented in figure
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Figure 1: Schematic illustration of GAN architecture (adapted from Kim et al.| (2021)). The novel element
is the use for training and testing of gappy high-resolution fields provided directly by binned PTV data.

3 Validation

The present method has been tested employing two different Direct Numerical Simulation (DNS) dataset that
includes a fluidic pinball and a turbulent channel flow. Using these numerical simulations, a combined set of
pseudo-PIV and psuedo-PTV fields have been generated and used to train the presented GAN architecture.

3.1 Dataset description

The first test case is the fluidic pinball (Deng et al., 2020) which is a two-dimensional wake flow around a
cluster of three equidistantly-spaced cylinders with equal radius R = D /2, whose centres form an equilateral
triangle with side length equal to 3R. The triangle is oriented with an upstream vertex and with the down-
stream side orthogonal to the freestream flow, located at x = 0 and centred with respect to the y axis. The
wake of the pinball includes the interaction of the wakes of three bodies, a region of development and the
final merging in a large-scale unique shedding wake. The DNS data at Re = 130 (referred as chaotic regime
Deng et al.[(2020)) are used to generate synthetic PIV images. The details of the simulation settings and
flow behaviour can be found in Deng et al.| (2020).

A set of 4737 synthetic PIV images are generated with a custom-made code. The first 4000 are used
for training, while the rest is used for testing. Gaussian blobs with a maximum intensity of 100 counts and
3 pixels diameter are generated on 8-bit images. A domain ranging from —5D to 8.04D in the streamwise
direction and from —3.84D to 3.84D in the spanwise direction is discretized with 25pix/D, thus resulting
in images with 576 x 192 pixels. Particles are randomly distributed to achieve an image density of 0.02
particles per pixel. The images are processed with a custom-made multi-pass image deformation (Scaranol,
2001) PIV algorithm developed at the University of Naples (Astarital [2008). The interrogation window is set
to 32 x 32 pixels with 50% overlap. For this first test case, the SRGAN seeks to achieve upsampling levels
ranging from f, =2 — 8, with f, being the upsampling factor. The window used to bin the vector fields has
size equal to b = Dy/ f,,, with b, D; being the bin size of the binned PTV and the interrogation window size
of the PIV process, respectively. Furthermore, the grid is refined by the same amount, thus maintaining the
overlap between adjacent windows. It is important to remark that selecting a smaller bin increases the levels
of gappyness of the distributions to be reconstructed. The level of gappyness is approximately 1%,29%,73%
for f, = 2,4, 8, respectively.

The second test case is the turbulent channel flow available at the Johns Hopkins Turbulence Database
(http://turbulence.pha. jhu.edu/). The channel has a dimension of 2 half-channel-heights 4 from
wall to wall, 37th in the span-wise direction and 874 in the stream-wise direction. The DNS database covers
one channel-flow through time 87h/U, (where U, is the channel bulk velocity) with a DNS time step of
&t = 0.0014h/U,. The details of the simulation settings and flow behaviour can be found in Li et al. (2008).
For our simulated experiments, subdomains are taken of size 24 X h in the streamwise and wall-normal
directions, respectively. Such domains have been discretized with 512pix/h and seeded with particles with
a density of 0.01 particles per pixel. The particles have been randomly distributed in the subdomain and
tracked for 10 time steps of the simulations to generate the position in the second frame. Snapshots are
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Figure 2: Contour maps of instantaneous velocities for fluidic pinball case with upsampling factor f,, = 8.
Top and bottom row denote horizontal and vertical velocity components respectively. From left to right,
columns refers to PIV, binned PTV, GAN prediction and DNS reference field.

generated with time separation of 1 convective time to reduce correlation between snapshots. In order
to obtain a sufficient number of snapshots, data are extracted in subdomains at different locations in the
streamwise and spanwise direction. The streamwise and spanwise separation between domains was equal
to 24 and 0.254 respectively. A total of 11856 snapshots has been generated, with 10000 of them used for
training.

The particle images are generated with the same parameters of the previous test case. The interrogation
window is set to 64 x 64 pixels with 50% overlap. Here a relatively large window is selected on purpose
to challenge the GANs in presence of a modulated input with severe lack of information in the near-wall
region.

As for the case of the pinball, for this test case, upsampling factors up to 8 have been tested. This
corresponds to a gappyness percentage of approximately 8%,47% for f, = 4,8 respectively, while for f,, =2
the percentage of gaps is negligible.

3.2 Results

For both validation cases, GAN performance is assessed in terms of instantaneous visualizations of velocity
fields. Although complete high-resolution DNS data is not used during the training procedure, it is shown
for the sake of comparison. Moreover, an instantaneous velocity-based squared error is computed for the
GAN predictions with respect to the DNS data. It must be recalled that this error is not the same that has
been used during the training, which was referenced with respect to the incomplete high-resolution PTV
data.

Figure [2] reports an instantaneous flow visualization of the fluidic pinball case with upsampling factor
f. = 8. It can be observed that in the near-cylinder region the GAN performance allows to recover most of
the small-scale details. For instance, the vertical-velocity details in the front of the cylinders are perfectly
recovered, while this information was barely seen in the PIV input field. Similar performance is observed in
the cylinder wake, where all velocity patterns are recovered.

Figure [3|shows the same instantaneous velocity visualization for the turbulent channel case with upsam-
pling factor f, = 8. For this case, GAN improves the small-scale details with respect to the PIV input. It is
remarkable the recovery of wall-attached vertical velocity fluctuations in the near-wall region. Nonetheless,
the comparison between GAN prediction and DNS reference shows that the smallest-scale details are not
perfectly recovered.

The instantaneous squared error for the fluidic pinball case is reported in fig. ] The error is normalized
with the bulk displacement (in this case set equal to 1). Together with the error for upsampling factors
fu=1[2,4,8], the original PIV error is reported with respect to the DNS reference. It is shown that the PIV
error is significantly larger than in any of the GAN predictions, thus proving that the proposed methodology
is providing a resolution improvement. This error is more significant in the near-cylinder region, where the
velocity shear rate is larger, and the small spatial wavelenght of the shear layers released by the cylinders
cannot be capture with the resolution of the original PIV analysis. For the GAN, it is observed that a f, =2
is already sufficient to recover with very high accuracy the fluctuations in the developed wake. However,
small scale details in the near wake are still missed. With increasing upsampling, the GAN progressively
recovers also such details, without suffering for quality reduction due to the high level of gappyness of the
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Figure 3: Contour maps of instantaneous velocities for turbulent channel case with upsampling factor f;, = 8.
Top and bottom row denote horizontal and vertical velocity components respectively. From left to right,
columns refers to PIV, binned PTV, GAN prediction and DNS reference field.
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Figure 4: Contour maps of instantaneous error, defined as the squared difference between the DNS reference
and PIV/GAN prediction, for fluidic pinball case. Top and bottom row denote horizontal and vertical veloc-
ity components respectively. From left to right, columns refers to PIV, and predictions with f, = [2,4,8].

binned PTV distributions used for training.

For the turbulent channel flow case, the instantaneous squared error is shown in fig. [5] For this case,
the larger error values are bounded in the near-wall and logarithmic regions. It is observed a clear error
reduction between f, = 4 and f, = 2 with respect to the original PIV fields. This was expectable, due to
the artificially large interrogation window used for PIV. However, there is not a clear improvement for case
fu = 8 with respect to f, = 4, which confirms the visual inspection of fig.[5] With respect to the difference
between wall-normal and streamwise velocity components, it seems that the latter suffers from larger errors.
However, this worse performance can be ascribed to the normalization of the data, since the wavelength
range present in wall-normal velocities is smaller. In any case, the comparison between the instantaneous
error and velocity fields shown in fig. 3] indicates that the error is located in regions with high velocity shear,
which points out the interface between high- and low-momentum regions.

4 Conclusions

A novel method to enhance the resolution of PIV snapshots based on sparse particle-based measurements
has been proposed. The working principle is based on exploiting the ability to retrieve information of
the Generative Adversarial networks. Pairs of standard “low-resolution” PIV and high-resolution sparse
particle-based snapshots are used for the training process, being not necessary to have a complete high-
resolution field as target. In this study, the high-resolution target is generated naturally by binning the
scattered PTV vector distribution on a regular mesh, and withdrawing empty bins during the training. The
results show that flow features that are not captured in the PIV snapshots can be recovered by the GAN
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Figure 5: Contour maps of instantaneous error scaled with the channel bulk velocity U,, defined as the
squared difference between the DNS reference and PIV/GAN prediction, for turbulent channel case. Top
and bottom row denote horizontal and vertical velocity components respectively. From left to right, columns
refers to PIV, and predictions with f, = [2,4,8].

through the incomplete projections provided by the PTV. A reasonably good reconstruction error can be
achieved even at an upsampling factor f, = 8, which normally corresponds to large levels of gappyness of
the binned distributions, with minimal effect of noise or discontinuities in the reconstructed distributions.
The results presented here highlight the promising margin of improvement of the spatial resolution of PIV
using machine learning, without the need of additional high-resolution data for training.
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