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Abstract

We present a novel approach to adjust shapes of the interrogation windows (IW) in Particle Image Velocime-
try (PIV) measurements as a function of temporal and spatial local coherent motions. Lagrangian Coherent
Structures (LCS) has been widely utilized to determine local flow boundaries. We propose using Finite-Time
Lyapunov Exponent (FTLE) to quantify LCS separatrix boundaries (i.e. ridges) and adjust the interrogation
window. We integrated the proposed method with a local optical flow PIV algorithm. The evaluation was
performed using synthetic particle images of 2D homogeneous isotropic turbulence obtained from Direct
Numerical Simulation (DNS). The results showed significant improvements in regions with complex flow
behaviours, particularly shear, vortex and hyperbolic motions. We studied improvements of the velocity
estimation in a real experiment of the wake flow behind a cylinder at Reynolds number equal to 3900. It was
found that optical flow featured by coherency based interrogation window (coherent optical flow) reveals
detailed vector field estimations in regions with complex behaviours inside the wake flow.

1 Introduction

In Particle Image Velocimetry (PIV) algorithms, both correlation-based and local optical flow techniques
rely on the interrogation windows. The importance of interrogation window has been studied widely for
obtaining effective methods of adapting the window size and shape, which directly impacts the spatial accu-
racy of velocity estimation [[1 2 13]. Since the flow behaviour inside the interrogation window has clusters
of small and large scale coherent motions, PIV techniques involve window size reduction to avoid those
non-coherent areas and increase the maximum achievable spatial resolution. Generally, the interrogation
window size is gradually reduced based on empirical precalculations and tunings, while this empirical ap-
proach can be adjusted by temporal and local spatial information. This means flow behaviour in different
times and spaces would result in different interrogation window shapes, which is the main objective of this
paper. To demonstrate the performance of the proposed method, we integrated the adjustable interrogation
window with the local optical flow PIV algorithm. In the local optical flow approach, all pixels inside the
window are considered for calculating a single-pixel velocity at the centre of the window. However, to es-
timate more accurate motions, it is crucial to ignore areas that are non-coherent with the centre pixel. This
study seeks to adjust the interrogation window shape in motion estimation by calculating locally coherent
and non-coherent areas. We propose performing Lagrangian Coherent Structures (LCS) by looking for the
local separatrix ridges that divide the flow field into clusters of coherent regions [4]. The idea of applying
LCS in Particle Image Velocimetry (PIV) / Particle Tracking Velocimetry (PTV) algorithms was demon-
strated by Khojasteh et al. [Sl]. To this end, all neighbour pixels inside the interrogation window must be
classified as coherent or non-coherent with the centre pixel. Similar interrogation window adjustment can
be implemented in cross correlation-based PIV techniques.

2 Local optical flow

Classic optical flow works under the intensity consistency assumption of the acquired images that is inspired
by Horn and Schunck [6] formulation. It can be also written in terms of the Optical Flow Constraint Equation
(OFCE) as following,
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Figure 1: Schematic of Window adjusting based on Lagrangian coherency to calculate velocity for a centre
pixel (dark grey pixel), attracting and repelling separatrix lines, grey pixels are coherent with the centre pixel
and coherent pixels
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where v is the desired velocity of one time step and f is the image intensity. The operator A denotes gradient
over 2D area. On the other hand, we try to minimise the energy function with intensity consistency assump-
tion. However, real PIV images are featured with temporal changes of intensity between consecutive images
due to illumination and trigger setup. So this assumption can be violated in PIV applications. Schuster et
al. [[7] improved the intensity inconsistency problem by introducing stochastic optical flow formulation. In
the stochastic approach, the Eulerian flow velocity field is decomposed into a large-scale smooth component
and a small-scale turbulent component. In the present study, we use the same stochastic approach imple-
mented into the Lucas-Kanade optical flow estimator [[7]. In theory, optical flow provides one velocity vector
for each pixel of two consecutive images based on spatial and temporal variations of the image intensities.
While cross correlation based PIV techniques result in coarse resolution estimation. Therefore, optical flow
PIV techniques might provide more details of the flow behaviour in turbulent flows.

3 Coherent interrogation window

Lagrangian Coherent Structures (LCS) divide the local flow field into regions of coherent motions [4]. LCS
is also known as the skeleton of flow that can be utilised as a deterministic criterion to shape the interro-
gation window. We computed the LCS separatrix ridges using Finite-Time Lyapunov Exponent (FTLE) by
employing modified versions of two open-access codes named LCS kit [8] and LCS tool [9]. FTLE is a
scalar value that measures the amount of spatial stretching over a finite time. In this study, the spatial region
is determined by the interrogation window to compute the FTLE value locally. Khojasteh et al. [10] showed
that using FTLE in the local spatial regions over sparse neighbour particles can reveal signs of local ridges
that can be employed in the velocimetry algorithms. FTLE analysis provides spatial and temporal flow field
behaviour. We propose to adjust the interrogation window based on separatrix ridges, resulting in different
window shapes in space and time. The window shape will not change if the area is entirely coherent. On the
other hand, the shape of the interrogation window does not change if all pixels are coherent with the target

ixel. The major problem happens when the interrogation window consists of multi-scale dynamics. Figure
@is a classic example of hyperbolic flow when two or more vortices interact with each other in 2D turbulent

ows. Forward and backward FTLE calculations determine two attracting and repelling lines, where flow
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