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Abstract
A method is proposed to obtain full-domain spatial modes based on proper orthogonal decomposition (POD) of particle 
image velocimetry (PIV) measurements taken at different (overlapping) spatial locations. This situation occurs when large 
domains are covered by multiple non-simultaneous measurements and yet the large-scale flow field organization is to be 
captured. The proposed methodology leverages the definition of POD spatial modes as eigenvectors of the spatial correla-
tion matrix, where local measurements, even when not obtained simultaneously, provide each a portion of the latter, which 
is then analyzed to synthesize the full-domain spatial modes. The measurement domain coverage is found to require regions 
overlapping by 50–75% to yield a smooth distribution of the modes. The procedure identifies structures twice as large as each 
measurement patch. The technique, referred to as Patch POD, is applied to planar PIV data of a submerged jet flow where 
the effect of patching is simulated by splitting the original PIV data. Patch POD is then extended to 3D robotic measurement 
around a wall-mounted cube. The results show that the patching technique enables global modal analysis over a domain 
covered with a multitude of non-simultaneous measurements.

1 Introduction

Characterizing turbulent flows poses a significant chal-
lenge due to the wide range of spatial and temporal scales 
involved, which expand with increasing Reynolds number. 
In particle image velocimetry (PIV, Raffel et al., 2018), 
the range of measured scales is constrained by hardware 
and physical limitations. These include, among others, the 

sensor size and the mean particle spacing on the images. 
The ratio between the largest and smallest measurable scales 
is referred to as the dynamic spatial range (DSR), as noted 
by Adrian (1997). The smallest measurable scale depends 
on the particle concentration and its ability to sample the 
flow field, while the largest can be extended by using larger 
camera sensors and/or increasing the field of view by reduc-
ing optical magnification. It can be shown that the turbulent 
Reynolds number for which complete resolution of scales 
can be achieved scales linearly with the product of the DSR 
and the dynamic velocity range (Westerweel et al. 2013), 
whereby the latter is defined as the ratio between maximum 
and minimum measurable velocities (Adrian 1997).

An approach to enhance the spatial resolution involves 
stitching together multiple views of the flow domain. This 
method uses several cameras to simultaneously capture 
different regions, which are then combined to create a 
complete picture of the flow field (Cardesa et al. 2012; 
Ferreira and Ganapathisubramani 2020; Li et al. 2021). 
However, to capture these regions simultaneously, the 
entire flow field must be illuminated, and optical access for 
all cameras must be ensured. These requirements, along 
with the significant setup costs, represent the main draw-
backs of this approach. For this reason, when the goal 
of the measurement is primarily to extract flow statistics, 
asynchronous (i.e., performed at different times) acquisi-
tions are often preferred.
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A simple implementation of this principle is based on tra-
versing a stereoscopic PIV (SPIV) system that includes the 
light sheet and the cameras, such to capture different slices 
of the flow field (Cardano et al. 2008; Ostermann et al. 2016; 
Sellappan et al. 2018; Zigunov et al. 2022). At each slice, a 
sequence of recordings is acquired, with a sample size large 
enough to ensure statistical convergence. The measurements 
are taken at various cross-plane coordinates, allowing for 
the acquisition of multiple 2D − 3C (two-dimensional three 
components) velocity fields. The statistics of the fields are 
then stitched together to elaborate flow statistics on the full-
covered domain. More recent studies (Rousseau and Ancey 
2020; Zigunov et al. 2023) show that it is possible to obtain 
an average 3D − 3C volumetric flow field by applying spati-
otemporal averaging to the stereoscopic PIV fields recorded 
while a traverse translates the laser plane continuously 
scanning the volume, rather than stopping at each plane to 
achieve a converged average.

Three-dimensional PIV and Lagrangian particle tracking 
(LPT) are increasingly used for the investigation of complex 
and unsteady three-dimensional flow fields (Discetti and 
Coletti 2018; Schröder and Schanz 2023). Recent advances 
in volumetric PIV using helium-filled soap bubbles (HFSB) 
as flow tracers (Scarano et al. 2015) enable to afford larger 
measurement domains up to the order of 1m3 . Nonetheless, 
measurements in domains with complex geometry and lim-
ited optical access are still elusive due to the lengthy pro-
cedures associated with system setup and calibration. The 
recently introduced coaxial volumetric velocimetry (CVV, 
Schneiders et al.,2018) is well suited for robotic manipula-
tion of the velocimeter that aims to circumvent the problem 
of optical access by performing several, local, volumetric 
measurements without the need for recalibration after the 
repositioning of the probe. This approach has been dem-
onstrated in the work of Jux et al. (2018), where the flow 
around a full-scale replica of a professional cyclist was 
surveyed. On the downside, robotic PIV performs inde-
pendent measurements at each position of the probe, result-
ing into separated, often partly overlapping, patches (or 
sub-domains). As previously discussed, flow statistics are 
obtained by “stitching” measurements taken in independ-
ent sub-domains, assuming ergodicity and measuring at 
different time instants (asynchronous) in different regions 
the probability density functions of the velocity fluctuations.

However, the partition of the investigated volume in 
patches prevents the visualization of any global, instanta-
neous flow feature that exceeds the size of an individual 
measurement region. This limitation has hindered, so far, 
the interpretation of coherent flow structures spanning 
more than a single measurement region, or patch, using, 
for instance, the proper orthogonal decomposition (POD, 
Lumley, 1967).

In the PIV community, this technique has gained wide-
spread popularity due to an efficient algorithm for comput-
ing the POD, known as the “snapshot method" (Sirovich 
1987a, b, c).

For cases in which the domain is covered with non-
simultaneous measurements, however, the straightforward 
application of the snapshot POD is not feasible. A snap-
shot matrix can still be built by considering as a common 
grid the set of points onto which the individual patches 
are stitched together. This matrix is massively gappy, 
with large blocks of missing data that hinder an accurate 
decomposition.

Among the variants of POD, Gappy POD (Everson and 
Sirovich 1995; Venturi and Karniadakis 2004) is notable 
for its ability to handle incomplete data by iteratively filling 
in gaps. The main idea is that the snapshots can be restored 
in an iterative process by performing POD with incomplete 
data, and low-order reconstruction with a progressively 
larger number of modes. However, its direct application in 
this context proves ineffective, as the only data available are 
highly localized within the patch domain. Similar considera-
tions apply to other algorithms with similar rationale (Raben 
et al. 2012; Cortina-Fernández et al. 2021).

In this work, we propose to estimate spatial POD modes 
directly decomposing the two-point correlation matrix. 
Following the intuition of Lumley (1981), citing the review 
from George (2017), “The actual determination of the eigen-
functions needs only statistics, which in turn requires only 
simultaneous measurements at two space-time points”. In 
principle, spatial POD modes can be obtained simply by 
scanning a domain with two hot-wires capturing simultane-
ously. This principle was leveraged by Stokes and Glauser 
(1999) in a backward-facing-step experiment, and it required 
33 days of tests to cover a grid of 13 × 750 × 17 measure-
ment points. Robotic PIV allows covering a much larger 
number of simultaneous points, thus we expect this same 
principle can apply to volumetric measurements taken 
over patches while scanning a larger flow volume. We will 
investigate the conditions that make the implementation of 
such method viable, with particular attention to the size of 
patches and their mutual overlap. The key enabler is the pro-
gressive discovery of portions of the two-point correlation 
matrix. We refer to this method as “Patch POD”.

The method is illustrated in §2. In §3, we assess the pro-
posed methodology employing a dataset of planar PIV meas-
urements of a submerged jet. In this case, the measurement 
domain is subdivided into patches, in order to simulate the 
case of asynchronous measurements in regions to be stitched 
together. In §4, the algorithm is applied to three-dimensional 
measurements taken using robotic PIV on the flow around 
a wall-mounted cube.
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2  Methodology

The principle of the proposed methodology is graphically 
exemplified in the flowchart shown in Fig. 1. We assume 
that instantaneous snapshots of the velocity vector field are 
obtained asynchronously in different regions of the domain of 
interest (DOI). The velocity vector may be either computed 
by spatial cross-correlation or tracking of individual particles, 
which are later mapped onto Eulerian grids by averaging the 
vectors that, at a given time instant, fall within a specific bin 
(binning). For simplicity, it is assumed that the velocity vectors 
are available on a global Cartesian grid: x = (x, y) ∈ ℝ

nx×ny in 
2D or x = (x, y, z) ∈ ℝ

nx×ny×nz for 3D measurements, where nx , 
ny and nz are the number of grid points along the correspond-
ing directions x, y and z. The measured dataset is reorganized 
into a matrix U of dimensions Np (total number of grid points) 
and Nt (total number of snapshots). For the case of domains 
covered with asynchronous measurements in patches, each 
snapshot will contain information only in the set of points 
corresponding to the patch for that time instant.

Subsequently, the snapshot matrix is composed of the origi-
nal velocity fields masked by zeros in the region outside of the 
patch. This can be written as a Hadamard product between U 
and a Dirac delta function matrix � , with zeros entries in the 
locations without velocity information:

(1)Û = 𝛿 ⊙ U,

where ⊙ denotes the Hadamard product and Û ∈ ℝ
Np×Nt rep-

resents the masked version of U.
To compute spatial POD modes, one could compute the 

eigenvector of the spatial correlation matrix C = 1∕Nt ⋅ UU
⊤ 

∈ ℝ
Np×Np which contains the correlations between the veloci-

ties at the different points of the domain. While the matrix U 
is not available, C can be approximated employing ÛÛ⊤ . This 
approximation of the spatial correlation matrix Ĉ ∈ ℝ

Np×Np 
would generate entries that are inconsistent with those of UU⊤ 
since each element of Ĉ is actually evaluated only on a portion 
of the Nt snapshots. To consider this, each nonzero element of 
the correlation matrix ÛÛ

⊤
 can be divided by the correspond-

ing number of occurrences of nonzero entries. This rescal-
ing is similar to the one leveraged by Cortina-Fernández et al. 
(2021). Nonzero entries of Ĉ are limited to pairs of points 
belonging to the same patch or to points belonging to over-
lapping patches; pairs of points belonging to non-overlapping 
patches will be assigned a correlation value equal to zero, as 
in the following equation:

⊘ is the Hadamard division operator, �
���

∈ ℝ
Np×Np is the 

matrix containing in each element i, j the number of occur-
rences of nonzero entries in the corresponding elements i 
and j of ÛÛ

T
 , and �

���
 is the matrix containing ones wher-

ever �
���

(i, j) > 0 and zeros elsewhere.

(2)Ĉ =
[(

ÛÛ
⊤
)

⊘ �
���

]

⊙ �
���

.

Fig. 1  Flowchart of the 
proposed algorithm. First 
step: measuring the velocity 
fields from local asynchronous 
regions, i.e., patches; second 
step: building the snapshot 
matrix Û ∈ ℝ

Np×Nt , represent-
ing the entire DOI, with zeros 
filling areas outside the patches; 
third step: compute two-point 
correlation; fourth step decom-
position trough SVD to extract 
full-domain POD spatial modes
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Approximated spatial modes are then computed as eigen-
vectors of Ĉ:

For the latter, the symbol ⋅̂ is used to refer to not complete 
field. In Eq. (3), �̂ ∈ ℝ

Np×Np is the matrix whose columns 
are the spatial modes �̂�i , and �̂ ∈ ℝ

Np×Np the diagonal matrix 
whose elements �̂�i represent the singular values correspond-
ing to spatial modes.

It must be remarked that this approach allows solely the 
recovery of the global spatial modes. The estimation of the 
POD temporal modes can only be performed within each 
patch individually and not globally.

3  Assessment by experiments

3.1  Free jet

The method is validated here by making use of planar 
PIV measurements of a submerged jet, installed in an 
80 × 60 × 40 cm3 water tank. The experimental setup is 
illustrated in Fig. 2 and summarized in Table 1. The jet noz-
zle has a circular shape with an exit diameter of D = 20 
mm. The bulk velocity is set to Uj ≈ 0.13m/s , resulting in a 
Reynolds number ReD = 2, 600.

The water flow is seeded with polyamide particles (neu-
trally buoyant and of 56 �m diameter). Illumination is 

(3)Ĉ = �̂Σ̂2
�̂

⊤,

provided with continuous laser (LaserTree LT-40W-AA, 
5W power). The laser is controlled by a pulse generator, 
which defines the duration of the pulses ( �t = 1 ms) and the 
time interval between consecutive laser pulses ( Δt = 10 ms), 
corresponding to a frequency of 100 Hz. Additionally, the 
pulse generator synchronizes the system by providing the 
acquisition trigger signal for the PIV camera.

Particle images are captured by an sCMOS camera 
(Andor Zyla, 5.5 Mpx, pixel pitch 6.5�m ) equipped with 
a 50-mm Nikon objective. Recording is performed at a rate 

Fig. 2  Submerged water 
jet-flow system. Sketch of the 
experimental setup: in red the 
common region onto which 
the obtained velocity fields are 
interpolated. Figure adapted 
from Franceschelli et al. (2025)

Table 1  Experimental setup details

Seeding Polyamide particles, d = 56�m

Working fluid Water
Exit diameter Circular shape, D = 20 mm
Exit velocity Uj = 0.13 m/s
Reynolds number ReD = 2, 600

Illumination LaserTree LT-40W-AA (5W power)
Imaging Andor Zyla sCMOS 5.5 MP ( 2560 × 2160 ) 

pixel array, 6.5 × 6.5 � m pixel size, resolution 
9.25 pix/mm. Objective Tokina 50 mm lens. 
f# = 8

Processing POD background removal (Mendez et al. 
2017), iterative multi-grid/multi-pass 
algorithms (Willert and Gharib 1991; Soria 
1996), image deformation (Scarano 2001), 
B-spline interpolation (Astarita and Cardone 
2005; Astarita 2007) implemented in PaIRS 
(Paolillo et al. 2024)
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of 100 frames/s. The field of view is set to 160 × 56mm2 
( 8 × 2.8D2 ) with a resolution of 9.25 pixels/mm. At the 
given flow speed and frame rate, the particle tracers move 
of approximately 1.3 mm (1/15 of the jet diameter) among 
subsequent frames and the measurement is considered time-
resolved. The whole measurement sequence encompasses a 
duration T = 600 seconds (400 jet diameters) with 60, 000 
frames. The measurement domain is divided into patches 
and for each patch, 1500 snapshots are randomly extracted 
from the sequence, removing any temporal coherence and 
resulting in a non-time-resolved subset. Each snapshot is 
only used once in the process, i.e., it is never observed by 
more than one patch. This approach yields independent sets 
of measurements composing the dataset. More details of 
the experimental dataset are reported in the work by Franc-
eschelli et al. (2025).

3.2  Data analysis

The use of a continuous wave laser in “pulsed mode" may 
lead to slightly more elliptical particle shapes. This uncer-
tainty affects both the reference and patched datasets equally, 
as they originate from the same measurements. While it 
might be expected slightly larger uncertainty in regions with 
higher flow velocity, this source of error is expected to be 
randomly distributed and thus affecting mostly high-order 
modes. Thus, it does not have any detectable impact on the 
analysis carried out in this section.

The velocity fields are obtained with cross-correla-
tion with a final interrogation window of 32 × 32 pixels 
( 3.56 × 3.56mm2 ) and an overlap factor of 75% , resulting in 
a Cartesian description of the flow field on a grid of 60 × 180 
velocity vectors with spacing of 0.9 mm. With the latter 
resolution, the jet diameter is covered by approximately 22 
data points. The patched measurement is simulated by par-
titioning the whole domain into square sub-domains (i.e., 

patches). The patch dimension P is indicated in diameters. 
Additionally, the overlap fraction OF  (in percent) is moni-
tored as a relevant parameter.

Figure 3 depicts a contour of an instantaneous stream-
wise velocity field and the corresponding velocity vectors 
within the full domain of acquisition: the blanked region 
near the jet exit is excluded from the DOI and the consequent 
analysis due to the presence of strong reflections. In addi-
tion, examples of patches are reported: P = D in blue and 
P = 2D in red. These are analyzed using overlap factors of 
OF = [0%, 50%, 75%].

The structure of the correlation matrix Ĉ depends upon 
patch size and overlap factor. In addition, the number of 
entries depends upon the grid points that cover the patch. 
Patch size and overlap will determine the pattern of nonzero 
regions in the array. Figure 4 shows the values of the spatial 
correlation coefficients Ĉij . The reference spatial correlation 
matrix, C , obtained from the full-domain measurement is 
presented in Fig. 4a, while the results for the partitioned 
domain with P = D without overlap are shown in Fig. 4b. 
Partitioning the domain allows to evaluate the correlations 
only within the individual patches. This results in computing 
only the regions of C near the diagonal.

The overlap, however, extends this correlation up to 
±0.5P (Fig. 4d,f). This effect is illustrated in Fig. 5a with 
an exemplifying 1D sketch. Consider, for instance, the red 
patch. The best-case scenario (meaning that the correla-
tion extends to the maximum distance, which in this case 
is 0.5P ) occurs for points located exactly in the center 
of the patch (blue circle). Indeed, when taking measure-
ments in the red patch along, the two-point correlations 
between the center point and points located at ±0.5P are 
available. Furthermore, a 50% overlap extends the effec-
tive patch size up to 2P through the adjacent patches. A 
similar situation arises for points at the edges, also marked 
in blue, which in a 50%-overlap case are the centers of 
the adjacent patch. The worst case involves points located 

Fig. 3  Instantaneous stream-
wise velocity field contour and 
corresponding velocity vectors 
for the case of the submerged 
jet, normalized with the bulk 
velocity Uj . The blanked region 
near the jet exit, excluded from 
the DOI due to the presence of 
strong reflections, is included 
here to enhance visualization 
clarity. Examples of patches 
are illustrated: the red square 
represents a patch with P = 2D, 
while the blue one P = D
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between the centers, for which portions of points available 
in the two-point correlation map cover only 1.5P . Among 
these, for the point positioned equidistantly between two 
patch centers (in green in the figure) a symmetric distribu-
tion of correlation coefficient is available ( ±0.75P ). For 
other intermediate points the same region is covered, but 
in general with asymmetric distribution.

Increasing the patch size to 2D while keeping the same 
overlap allows capturing a more complete picture of the cor-
relation map, as shown in the last column in Fig. 4. However, 
increasing the overlap (up to 75% ) yields the values around 
the diagonal with more homogeneity. In particular, the min-
max distance from the diagonal is reduced by increasing 
the overlap factor, as evident from Fig. 4.e-g. As detailed in 
Fig. 5b, the maximum extension for the patch is still 2P , but 
the minimum correlation distance observed by each point is 
increased up to 1.75P against the 1.5P of the 50% overlap 
case.

As a general rule, the size of the correlation region P̃ 
available for each point can be computed as follows:

This guideline is particularly useful for planning experi-
ments, in which P̃ represents a good approximation of the 
largest lengthscale that can be properly observed in the POD 
modes.

3.3  Reference POD modes

The data resulting from the instantaneous measure-
ment over the full domain are considered for reference, 
for which the spatial modes are extracted and physically 
examined. The decomposition of the spatial correla-
tion matrix C provides the results shown in Fig. 6: the 

(4)
{

P̃ = 2P centers

P̃ = P +OF ⋅ P elsewhere

Fig. 4  Spatial correlation 
matrices. The matrix obtained 
from the full domain a is com-
pared against the patched case 
at P = D , with overlap factors 
ranging from no overlap b to 
50% d, and 75% f, as well as the 
analogous case at P = 2D c, e, 
and g, respectively

(a) (b) (c)

(d) (e)

(f) (g)



Experiments in Fluids          (2025) 66:105  Page 7 of 17   105 

full-domain spatial modes �i (Fig. 6b), normalized by their 
standard deviation ( 

√

Np ), and the corresponding eigen-
value distribution, expressed as a percentage of the total 
sum (Fig. 6a).

The first two modes accumulate approximately 11% of 
the energy, and they describe an observed flapping mode 
(Lynch and Thurow 2009), which is a dynamic instability 
characterized by large-scale oscillations in the jet flow. The 
modes feature elongated regions of momentum deficit or 
excess, which is interpreted as the cross-sectional view of 
a dynamical offset of the jet axis in flapping or circularly 
meandering motion (Batchelor and Gill 1962).

Modes 3 and 4 accumulate 9% of the energy and are cou-
pled in the convective motion of the vortex rings forming in 
the free shear layer (Violato and Scarano 2013). Such toroi-
dal structures form near the nozzle exit, grow rapidly in the 
first diameter and travel along the axial direction of the jet 
maintaining symmetry for approximately three diameters as 
shown in Fig 3. The modes feature alternating values of pos-
itive velocity (excess) in the region inside the vortex ring and 
negative velocity (deficit) in the region between two rings. 

Furthermore, outside of the shear layer, the axial velocity 
exhibits a region of sign reversal ( �3 and �4 in Fig. 6b). The 
wavelength that separates two vortex rings is approximately 
1D, which agrees with the literature reference from Schram 
(2003). Finally, �3 and �4 are found in phase quadrature ( �∕2 
shift) in accordance with the concept of convective motion.

These vortex rings are a distinctive feature of jet flows, 
particularly in the transitional regimes, and are sustained by 
the Kelvin–Helmholtz mechanism of shear layer instabil-
ity. As these rollers travel downstream they tend to inter-
act and enter a precessing motion in pairs (leapfrogging) 
as described in the work of Schram (2003), among others. 
During leapfrogging, the azimuthal modes grow rapidly (not 
captured in the present planar view), leading to the subse-
quent vortex filament distortion and breakup into more 
three-dimensional fluctuations. Vortex pairing is character-
ized by a double wavelength and a visible fluctuation of the 
jet core axis.

Modes 5 and 6 are interpreted as the result of vortex 
pairing and core breakdown (Violato and Scarano 2013), 
which transfers energy to larger scales, and contributes to the 
growth and breakdown of these coherent structures.

3.3.1  Patch size and overlap

The methodology is evaluated through an analysis of the 
reconstructed spatial modes �̂� (Figs. 7 and 8) and the associ-
ated eigenvalues (Fig. 9), obtained by computing the square 
of the singular values �̂� , normalized with the total sum of the 
reference case. These are the results of the POD decomposi-
tion of the correlation matrices Ĉ.

The spatial modes reconstructed with varying patch size 
and overlap are organized into two separate panels for each 
value of P . The reference modes �i are displayed in the first 
column, followed by columns with the reconstructed �̂�i for 
progressively increasing levels of OF  . The analysis involves 
the first six spatial modes.

In the comparison proposed in Fig. 7, the reconstruc-
tion with no overlap ( 2nd column) among patches produces 
modes that do not correspond to the reference distribution 
( 1st column). This is ascribed to the discontinuity of the cov-
erage of the correlation map, which is evident in the white 
areas representing missing information. The size of each 
patch is insufficient to capture significant dynamics, pre-
venting the correlation matrix from encompassing enough 
information to reveal meaningful structures. These artifacts 
become the most significant contributors to the variance and 
tend to appear as modes, although they have no physical 
meaning.

When the patches of size P = D overlap by 50% ( 3rd col-
umn) the reconstructed modes have a fair resemblance to the 
reference distribution. However, the first two modes suffer 
from artifacts at the edges of the overlapping regions. Modes 

(a)

(b)

Fig. 5  Sketch of overlapped patches for the case OF  = 50% a and 
OF  = 75% b. In red the reference, in black the ones overlapped with 
it. Best-case scenario (in blue): center of the patch, able to extend the 
original patch by a factor 2P ; worst-case scenario (in teal): scales 
according to the overlap and adds to the original patch an OF  ⋅P
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3 and 4 are reconstructed with good fidelity, while larger-
scale modes (5 and 6) partially capture smaller dynamic fea-
tures but with noticeable distortion. Finally, when the over-
lap fraction is increased to 75% ( 4th column), one observes 
that the discontinuous regions in modes 1 and 2 are attenu-
ated. Yet the large-scale modes remain distorted, which is 
ascribed to the limited extent of the patch not being able 
to capture the mode distribution. In terms of fluid-dynamic 
understanding it is noteworthy that in the case of 75% over-
lap modes 5 and 6 offer a clearer representation of vortex 
pairing dynamics, showing a structure analogous to that of 
mode 3 and 4 but with doubled wavelength. Remarkably, the 
local and truncated nature of the spatial correlation matrix 
might allow for a more local analysis reducing mode-mixing 
effects.

The second set of patched reconstructions (Fig. 8) deals 
with a larger patch size ( P = 2D ). Here, the case with no 
overlap yields results comparable to those obtained with 
the smaller patch, with slight improvements. The larger 
patch size enables the capture of a more extensive por-
tion of the domain, though it still restricts the represen-
tation of larger scales. It becomes evident that at such 
scale and with an overlap fraction of 75% ( 4th column ) all 
the considered modes encompassing a larger area can be 
reconstructed at high fidelity. The exception being a cross-
mode interference for the reconstruction of mode 2 and 3, 
where the high-wavenumber fluctuations due to shear layer 

instability are already appearing in these modes. Instead, 
for the reference distribution a more distinct separation 
is made between mode 1–2 and modes 3–4. This effect 
arises from the energy leakage between modes. The finite 
size of the patch inevitably limits its ability to capture 
large-scale structures entirely, resulting in an incomplete 
representation of the phenomenon. This impacts the vari-
ance induced by the phenomenon in the dataset, leading 
to an inaccurate eigenvalue distribution that affects the 
entire decomposition process. This effect is analogous to 
the spectral leakage phenomenon in Fourier analysis in 
finite-duration signals. Establishing a general guideline 
to mitigate cross-mode interference is challenging, as its 
impact is highly case-dependent. Larger patch sizes are 
more affected by this issue. When increasing the patch size 
is not feasible, enhancing the overlap between patches can 
also help in achieving smoother spatial modes.

From an overall perspective, the primary observation that 
arises from the analysis of Figs. 7 and 8 is that structures 
outside of the patch are not visible when there is no overlap 
among adjacent patches. In particular, in absence of over-
lap, the portion of the observed correlation map for each 
point can be strongly skewed, especially near the edges of 
the patch. This results in modes with spatial discontinui-
ties. However, even with fixed patch size, introducing some 
overlap reduces this effect and allows capturing structures 
covering more than a single patch.

Fig. 6  a The corresponding 
eigenvalues of C, normalized 
by their total sum, with circles 
indicating the contributions of 
the first six modes. b The first 
six spatial modes, �i , derived 
from the decomposition of the 
reference spatial correlation 
matrix, C

(a)

(b)
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This general behavior is something already predictable 
from the analysis of Ĉ in Fig. 4: the most relevant contribu-
tions to the correlation are located nearby the diagonal of the 
matrix. The comparison between Fig. 4.a and g shows how 
this combination of P and OF  is able to capture the highest 
portion and consequently the most energetic contribution of 
the correlation matrix.

The energy distribution (Fig. 9) also provides hints on 
the effect of partial measurement of the correlation map. 
The reference is shown as a continuous black line, while 
the two values of P under investigation are color-coded in 
shades of blue ( P = D ) and red ( P = 2D ). Different line 
styles represent the levels of overlap: dashed for no overlap, 
dotted for 50% , and dash-dotted for 75% . In addition, empty 
color-coded circles display the first six modes analyzed in 
the previous comparison. The energy level associated with 
the most energetic modes is consistently lower than in the 
reference case for all tested conditions. Increasing patch 
size and overlap unveils a larger portion of the correlation 
matrix, thus producing energy distribution among modes 

closer to the full field measurement. It must be remarked that 
higher-order modes tend to experience instead the opposite 
effect, with a slight increase of energy for increasing patch 
size and overlap factor. This is likely due to noise, induced 
by discontinuities in the correlation map. Interestingly, the 
cause of the previously discussed cross-mode interference 
is particularly evident also here. Looking at the red curves 
( P = 2D ), the distance between the second and third eigen-
values is smaller compared to the reference, and it continues 
to decrease as the overlap is reduced. This diminished sepa-
ration leads to a mixing of the two spatial modes.

4  Application to 3D robotic PIV

As introduced above, three-dimensional measurements suf-
fer often from a limited measurement domain as a result of 
limited illumination power, imaging resolution of volumetric 
particle fields. Robotic volumetric PIV (Jux et al. 2018) cov-
ers larger volumes by partitioning the domain into smaller 

Fig. 7  First six POD spatial 
modes of streamwise velocity 
component. Reference data 
(left column) are compared 
with patched POD ( P = D ) for 
varying levels of overlap from 
no overlap ( 2nd column), to 
50% ( 3rd column) and 75% ( 4th 
column)
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sub-regions based on rapid, robotic manipulation of the opti-
cal head (coaxial velocimeter, Schneiders et al. (2018)). It is 
here investigated whether robotic PIV measurements can be 
connected for modal reconstruction extending the patched 
POD technique to three-dimensional data. The experimental 
validation compares two experiments conducted to meas-
ure the three-dimensional flow field around a wall-mounted 
cube of side length 120 mm. Reference data are obtained 
with Lagrangian particle tracking measurements taken with 
7 cameras imaging simultaneously the full domain (Hen-
driksen et al. 2024). The same flow field is surveyed with 
robotic PIV covering the domain with a multitude of views 
each covering approximately 1.5 cube side lengths.

Both experimental campaigns were conducted at the 
TU Delft Aerodynamics Laboratories in an open-jet, open-
circuit, low-speed wind tunnel (W-tunnel). The freestream 
velocity is set at 10 m/s, which corresponds to Re = 81, 000 
based on the cube side.

HFSBs were used as tracer particles (Bosbach et  al. 
2009). The HFSBs seeding generator comprises 10 parallel 

Fig. 8  First six POD spatial 
modes of streamwise velocity 
component. Reference data (left 
column) are compared with 
patched POD ( P = 2D ) for 
varying levels of overlap from 
no overlap ( 2nd column), to 
50% ( 3rd column) and 75% ( 4th 
column)

Fig. 9  Normalized eigenvalues spectrum. Reference data (black) 
P = D (blue) and P = 2D (red) are compared, with varying levels of 
overlap. Empty circles highlight the first 6 modes
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wings, each 1 meter in span and equipped with 20 nozzles 
spaced 5 cm apart. This setup results in a seeding rake with 
a total of 204 nozzles, covering a seeding surface area of 
approximately 0.50 × 0.25m2 in the wind tunnel’s settling 
chamber. The generator, operated by an in-house fluid sup-
ply unit, controls the flow rate of air, helium, and soap. The 
nominal diameter of the tracer particles is 500�m.

The two experimental setups are sketched in Fig. 10 and 
summarized in Table 2. The robotic system velocimeter 
probe consists of four CMOS cameras equipped with an 
objective of 4 mm focal length, integrated within the LaVi-
sion MiniShaker Aero. The illumination of the investigated 
domain is provided by a Quantronix Darwin Duo Nd:YLF 
diode-pumped laser ( � = 527 nm, 2 × 25 mJ pulse energy 
at 1 kHz). Measurements in 35 patches with high overlap 
( ≈ 70 − 80% ) have been taken. For each patch, 5000 image 
pairs are captured in frame-straddling mode, at an acquisi-
tion frequency of 200 Hz. The patches cover an investigation 
region spanning x ∈ [−180, 300] mm, y ∈ [−180, 180] mm 
and z ∈ [0, 240] mm. As shown in Fig. 11, the size of each 
patch is approximately 200 mm ( ≈ 1.6D ). Ensuring identical 
overlap among all the patches is not feasible, as the robotic 
system requires manual selection and storage of the position 

of each cone to build the investigation sequence and then 
compute the optimal path to achieve it. To give the reader 
an estimation of the overlap factor, the following metric has 
been employed to compute the overlap among two consecu-
tive patches i and j:

where V denotes the volume of the patch. Averaging the 
values across all the patches in the sequence leads to 
OF ≈ 75% . For further details about the robotic system, the 
reader is referred to Jux et al. (2018). The acquired images 
are then analyzed using the Shake-The-Box algorithm for 
double-frame recordings, using a velocity predictor (Saredi 
et al. 2020).

The experimental setup of the large-aperture 3D-LPT 
experiments used as reference is detailed in the work of 
Hendriksen et al. (2024). For this measurement, 7 high-
speed CMOS cameras were used while the illumination was 
provided by two pulsed LEDs. A total amount of 10, 000 
snapshots (two independent sequences of 5000 snapshots 
each) were acquired at a frequency of 3 kHz. The investi-
gated domain in this case has the same spanwise and wall-
normal extension as in the robotic-PIV experiment, but a 
shorter streamwise extension ( x ∈ [−180, 200] mm). To 
perform a fair comparison between the results of the two 
measurements, all the instantaneous data are binned onto 
the same grid ( x∕D ∈ [−1.5D, 1.67D] , y∕D ∈ [−1D, 1D] 
and z∕D ∈ [0D, 1.67D] ) with a bin size of D/3 (or 40 mm) 
and 75% overlapping.

In Fig. 12, the mean flow distribution in the mid-plane is 
shown for the two measurements. The results are obtained 
by ensemble averaging the particle velocities within cells 

(5)OFij =

(

Vi ∩ Vj

)

0.5
(

Vi + Vj

) ,

Fig. 10  Sketch of the two experimental setups: on top the robotic 
PIV, on bottom the large-aperture 3D-LPT (Hendriksen et  al. 2024) 
used here as a reference

Fig. 11  Example of robotic PIV measurement domain for a single 
patch visualized with the convex hull of the ensemble of tracked par-
ticles, P ≈ 1.6D
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(cubic bins) of 10 mm side length. The mean flow does not 
show any appreciable difference between robotic PIV and 
reference 3D-LPT measurements, indicating a high degree 
of repeatability and statistical convergence. The flow exhib-
its a forward stagnation point at the cube front face and 
then accelerates along said face to separate from the sharp 
leading edge. The resulting shear layer does not reattach 
on the upper face, but rather downstream of the cube. Such 
a reattachment line is not captured within the domain of 
measurement. The overall topology is rather complex with 
a horseshoe vortex dominating the wall region surround-
ing the cube and an upper separated region that encloses an 
arch-like reverse-flow structure. Details of this flow have 
been studied and reported in the literature, and the reader is 
referred to Martinuzzi and Tropea (1993) and Schröder et al. 
(2020) among others.

Figure 12-bottom-left illustrates the statistical fluctua-
tions of the streamwise velocity component measured from 
3D-LPT. The fluctuations are concentrated in the near-wall 
region of the incoming turbulent boundary layer with a local 
peak at the inception of the horseshoe vortex, indicating its 
unstable position. Furthermore, significantly higher levels 
of fluctuations are encountered in the separated shear layer 

(approx. 40% ) and in the trailing separated region (exceed-
ing 50% ). In this case, a marked difference is observed in 
the outer stream, where the robotic PIV measurements 
(Fig. 12-bottom-right) yield a higher level of fluctuations 
(approximately 5% ) ascribed to measurement noise. Besides 
such differences, the overall distribution of velocity fluc-
tuations exhibits a sufficiently well-repeated pattern and we 
expect that the impact of these differences on the modal 
decomposition of the large-scale fluctuations should be 
minimal, and presumably limited to the regions ahead of 
the cube. It should be retained in mind that in this case the 
3D-LPT measurements benefit from the large-aperture imag-
ing (viz. triangulation) of the particle tracers and the time-
resolved analysis of Shake the Box, yielding significantly 
augmented accuracy to the measurement compared to the 
robotic system employing a coaxial velocimeter (Schneiders 
et al. 2018). Thus, the lower level of free-stream turbulence 
(expected below 2% ) is captured by 3D-LPT and not with 
the robotic PIV measurement.

Figure 13 presents the eigenvalue distributions for both 
cases, normalized with the total amount of energy from the 
3D-LPT measurements case. The figure illustrates that the 
Robotic PIV yields a lower energy level in the first modes. 

Fig. 12  Top: ensemble average 
streamwise velocity component 
using a bin size of b = 10 mm, 
with uniform weight within the 
bin; bottom: standard deviation 
of the velocity magnitude. Left: 
reference result; right: robotic 
PIV result. Streamwise velocity 
and standard deviation are both 
normalized with the free-stream 
velocity U∞ and refer to the 
mid-plane at y∕D = 0
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As discussed in the previous section, this is mostly ascribed 
to the truncation of the spatial correlation due to the finite 
size of the patch ( ≈ 37% of the total volume).

A comparison among the first 5 spatial modes in terms of 
velocity components is made to assess the results.

As reported in the study by da Silva et al. (2024b), com-
mon features of all surface-mounted finite-height square 
prisms include the horseshoe vortex and the arch vortex, 
followed by dipole/quadrupole vortical structures in the 
wake. Their position, strength, and behavior are primarily 
dependent on the aspect ratio (AR) of the prism, boundary 
layer thickness ( �∕D ), and the Reynolds number investi-
gated. For the specific case of the cube, which can be con-
sidered a prism with AR = 1 , the main structure is the arch 
vortex (Martinuzzi and Tropea 1993). This structure is easily 
recognizable by the presence of two legs, where the flow 
rotates around wall-normal (vertical) axes, and a roof, where 
the rotation is around a horizontal axis perpendicular to the 
free-stream direction. The experimental study of this vortex 
was carried out by Becker et al. (2002), while Kawai et al. 
(2012) captured the temporal evolution of this vortex using 
stereoscopic PIV, revealing characteristics similar to the von 
Kármán street.

Figure 14 presents the first two spatial modes, collect-
ing 20 − 25% of the total energy. The coherent structure 
represented by these modes primarily captures a dominant 
vortex-shedding mechanism, as also reported by da Silva 
et al. (2024a). This vortex shedding is characterized by the 
formation of an arch vortex due to the interaction between 
the separated shear layers and the wake region behind the 
cube, as mentioned before, resembling a von Kármán street.

Figure 15 illustrates the third spatial mode, which, con-
sistent with the spectral analysis by da Silva et al. (2024a), 
exhibits characteristics of a drift mode. This mode accounts 
for approximately 7 − 10% of the total energy and plays a 

key role in the temporal “drifting” behavior of the near wake. 
According to Wang and Lam (2021), this mode is primar-
ily responsible for the periodic elongation and contraction 
of the near wake. These findings are in agreement with the 
observations of Bourgeois et al. (2013), further validating 
the influence of the mode on wake dynamics.

For a deeper discussion about the role of these structures 
in the flow dynamics around the wall-mounted cube, the 
reader is referred to da Silva et al. (2024a).

The interpretation of modes 4 and 5 in Fig. 16 is more 
challenging, as they are likely associated with a secondary 
shedding pattern occurring at lower frequencies. However, 
a detailed analysis of the flow behavior is beyond the scope 
of this work. Instead, the focus is on ensuring that the modes 
obtained from locally asynchronous patches of Robotic PIV 
acquisition align with those derived from the 3D-LPT meas-
urements over the entire region of interest. In this context, 
the modes show a strong agreement, extending to higher-
order modes not presented here for brevity.

5  Conclusions

A methodology to achieve full-domain POD spatial modes 
starting from asynchronous measurements in different flow 
regions of a domain is proposed. The technique is based on 
unveiling the bulk of the content of the two-point correla-
tion matrix. Introducing overlap between patches has been 
shown to improve the estimation of the mode energy, reduce 
the unphysical discontinuities between regions in the global 
modes, and increase the range of reconstructed scales even 
beyond the patch size. The approach, named Patch POD, is 
targeted explicitly to estimation of large-scale modes.

A validation has been carried out by dissecting 2D meas-
urements of a submerged jet in patches. The POD modes 
obtained with our method using solely the patches match 
reasonably well with the results of a modal decomposi-
tion run on the entire domain. Cross-mode interference 
could appear as a drawback due to the limited size of the 
patch. However, increasing the patch size, when feasible, or 
enhancing the overlap between patches can help mitigate this 
effect. An application to a volumetric robotic PIV experi-
ment on the flow around a wall-mounted cube has been also 
carried out. The results show a good agreement between 
the modes identified by merging asynchronous patches 
and those obtained by a large-aperture 3D-LPT covering 
the entire domain. This approach demonstrates the ability 
to recover spatial structures that are almost the double of 
the patch size and opens the possibility of obtaining global 
modes on a larger scale than the volume observed by each 
realization.

Fig. 13  Eigenvalue distribution for robotic PIV (red continuous 
line) and large-aperture 3D-LPT (black continuous line) normalized 
with the total amount of energy of the reference case (large-aperture 
3D-LPT). Empty circles highlight the first 6 modes



 Experiments in Fluids          (2025) 66:105   105  Page 14 of 17

Fig. 14  Isosurfaces of positive 
and negative velocity for each 
of the three components of the 
spatial POD modes 1 and 2. 
From the first row to the last 
one: mode 1, 3D LPT; mode 1, 
robotic PIV; mode 2, 3D LPT; 
mode 2, robotic PIV

Fig. 15  Isosurfaces of positive 
and negative velocity for each 
of the three components of the 
spatial POD mode 3. Top: 3D 
LPT; bottom: robotic PIV
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Fig. 16  Isosurfaces of positive 
and negative velocity for each 
of the three components of the 
spatial POD modes 4 and 5. 
From the first row to the last 
one: mode 4, 3D LPT; mode 4, 
robotic PIV; mode 5, 3D LPT; 
mode 5, robotic PIV

Table 2  Experimental setup details

Robotic PIV                               3D-LPT

Seeding HFSB, d = 500�m HFSB, d = 500�m
Working fluid Air Air
Characteristic length D = 120mm D = 120mm

Exit velocity U∞ = 10m/s U∞ = 10m/s

Reynolds number ReD = 81, 000 ReD = 81, 000

Illumination Quantronix Darwin Duo Nd:YLF diode-pumped laser ( � = 527 nm, 
2 × 25 mJ pulse energy at 1 kHz)

2× LaVision flashlight-300 
LEDs ( 33�s pulse dura-
tion)

Imaging 4× CMOS cameras, objective of 4 mm focal length, integrated within 
the LaVision MiniShaker Aero

7× CMOS cameras (1 Mpx, 
focal length 4 × 60mm and 
3 × 50mm)

Processing 2P-STB with the aid of a predictor (Saredi et al. 2020) TR-STB (Schanz et al. 2016)
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