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Noise-suppression process in the SHAP-value
calculation

The high-importance regions in the flow are calculated using the gradient-SHAP
algorithm, based on the expected gradients (EG) [1], which is an additive-feature-
attribution method designed based on an extension of the Shapley values to a
game with infinite players (Aumann-Shapley values) [2]. However, the EG generates
high-frequency spatial noise, as observed in several works [1, 3, 4].

The spatial noise generated by the EG can be seen in the top-left image in the
Supplementary Figure 1. This noise is a problem to generate the SHAP structures
as it can break and divide them, affecting the percolation and their final identifica-
tion. Therefore, to reduce this spatial noise, the periodicities of the channel in the
streamwise and spanwise directions are exploited. The fields are moved along these
directions, and then, the model is used to perform the same predictions subjected to
the imposed displacements. A schematic representation of the model can be observed
in the left box of Supplementary Figure 2. The selected periodic domain (transparent
box) is translated to random positions of the original domain (light green box). Note
that periodicity is exploited in this process (transparent yellow boxes).
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Supplementary Figure 1: Noise reduction in the SHAP calculation. Squared
root of the instantaneous normalized SHAP-value distribution at y+ ≈ 12. From top to
bottom, SHAP values of the streamwise ϕu, wall-normal ϕv and spanwise ϕw velocity
components, and for the absolute value of the SHAP, |ϕ|. Computation using single
field (top-left), and with 11 (top-right), with 21 (middle-left), with 51 (middle-right),
with 101 (bottom-left) and with 201 (bottom-right) translations of the field.
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Supplementary Figure 2: Workflow of the process to remove noise when
calculating the SHAP values. The SHAP values are calculated using the mean-
squared error (MSE) of the reconstruction of the model (yellow box) over a selected
periodic domain of the input field (green boxes), using a non-fluctuating field (dark
blue) as reference. The flow prediction is represented with black flow connections and
the SHAP-value calculation with blue flow connections. Then, the SHAP values for
a selected periodic domain (blue boxes) are averaged over Nmax periodic domains,
obtaining the smoothed SHAP values (light green boxes). The selection of the periodic
domain and averaging of the SHAP values are presented by the purple flow connec-
tions. The selection of the periodic domain is presented in the left box of the figure. The
original domain (light green box) is replicated along the periodic boundaries (trans-
parent yellow boxes) and a randomly centered periodic domain (transparent box) is
selected for each iteration.

Then, the SHAP values are translated back to the original domain and the results
are averaged. The top-right, middle, and bottom images of Figure 1 represent the
improvement in the noise reduction as the number of random periodic domains is
increased to 11, 21, 51, 101, and 201 translations respectively. Visually, the higher
the number of translations, the better the SHAP contours are defined. However, to
quantify the noise reduction, the smoothness of the solution is evaluated by calculating
the sound-to-noise ratio, SNR, of each field. For this purpose, the three-dimensional
fast Fourier transform of the three SHAP components, ψn, is calculated:

ψn (X ,Y,Z) =

Nx−1∑
x=0

Ny−1∑
y=0

Nz−1∑
z=0

ϕn (x, y, z) e
−i2π

(
xX
Nx

+ yY
Ny

+ zZ
Nz

)
, (1)
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where ϕn (x, y, z) is the original SHAP value in the spatial domain, ψn (X ,Y,Z) is
the Fourier transform in the wavenumber domain and Nx, Ny, Nz are the number
of samples in each direction respectively. Then, a low-pass filter is used to suppress
wavenumber with a wavelength in the original domain larger than 2 consecutive grid
points. The lower wavenumbers are transformed back to the original space using an
inverse fast Fourier transform:

ϕLF
n (x, y, z) =

1

NxNyNz

Nx−1∑
x=0

Ny−1∑
y=0

Nz−1∑
z=0

ψLF
n (X ,Y,Z) e

i2π
(

xX
Nx

+ yY
Ny

+ zZ
Nz

)
, (2)

where ϕLF
n is the low-wavenumber SHAP value field and ψLF

n its Fourier transform.
The noise power of the field is calculated as the difference between the power of ϕn
and ϕLF

n :

ϵHF = ϕ2n −
(
ϕLF
n

)2
. (3)

Finally, the signal-to-noise ratio, SNR, is calculated as the ratio of the average
value of the signal power and the noise power in decibels:

SNR = 10 log
(ψLF

n )
2

ϵHF
. (4)

The results of this analysis are presented in Table 1. The table shows the percentage
of reconstruction of the least noisy field, obtained after 201 translations, when 1, 11,
21, 51, and 101 translataions were applied. The table evidences that a total number
of 11 translations is enough to suppress the high-wavenumber noise of the solution
reconstructing more than 97% of the signal for the three SHAP components, with a
computational cost of approximately 5% of that of the 201 translations.

Number of translations SNRui/SNRu201 SNRvi/SNRv201 SNRwi/SNRw201

1 68.47% 60.62% 63.21%
11 98.02% 97.49% 97.22%
21 98.22% 98.30% 97.63%
51 99.40% 98.93% 99.37%
101 98.54% 98.13% 97.45%

Table 1: Percentage of reconstruction of the signal-to-noise ratio.
The figure shows the percentage of signal-to-noise ratio reconstruction of
the field with 201 translations for 1, 11, 21, 51 and 101 translations.

SHAP structures: additional information

This section shows results complementary to those presented in the main document.
The definition of the SHAP structures was defined in the main paper according to a
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percolation analysis which defines the structure in the regions satisfying:

√
ϕ2u (x, y, z, t) + ϕ2v (x, y, z, t) + ϕ2w (x, y, z, t) > H

√
ϕ2u (y) + ϕ2v (y) + ϕ2w (y). (5)

In the previous equation, the SHAP values (importance of the grid points [1, 2])
are defined by the vector ϕ = [ϕu, ϕv, ϕw]. Each component of the vector links the
component of the velocity fluctuation vector u = [u, v, w] with its impact on the
evolution of the flow. In the main text, the fluctuation of the velocity in the streamwise
direction of the structures was analyzed for the whole range of wall-normal distances.
The following figures show the distribution of the three velocity components for the
SHAP structures (Supplementary Figure 3), the Q events or intense Reynolds stress
structures [5] (Supplementary Figure 4), the streaks [6] (Supplementary Figure 5) and
the vortices [7] (Supplementary Figure 7).
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Supplementary Figure 3: Joint probability density function of the three
velocity components of the SHAP structures for the different wall-normal
distances. The figure shows the distribution of the three velocity fluctuations, namely
the streamwise, wall-normal, and spanwise components from left to right.

The SHAP structures exhibit a high density in the low-streamwise velocity fluctu-
ation regions for wall-detached structures (ejection-like structures mixing with high-
velocity regions) and for high-streamwise velocity fluctuation regions for wall-attached
structures (sweep-like structures mixing with low-velocity regions). Furthermore, the
wall-normal and spanwise velocities show a symmetric distribution. Most of the
regions in the SHAP structures exhibit negligible wall-normal velocity fluctuations and
moderate spanwise fluctuations, evidencing a strong correlation between the SHAP
structures and the definition of the streaks, which are based on the streamwise and
the spanwise fluctuation of the velocity. This agreement between the SHAP structures
and the streaks (particularly for y+ ≃ 15) was already introduced in Figure 4 of the
main text.
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Supplementary Figure 4: Joint probability density function of the three
velocity components of the intense Reynolds stress structures for the differ-
ent wall-normal distances. The figure shows the distribution of the three velocity
fluctuations, namely the streamwise, wall-normal, and spanwise components from left
to right.

Supplementary Figure 4 shows the velocity distribution of the intense Reynolds-
stress regions. Most of these structures are located near the wall and exhibit
low-velocity fluctuations. Additionally, the sweeps (u > 0 and v < 0) are found for
lower wall-normal distances than the ejections (u < 0 and v > 0). This is consistent
with the previously presented SHAP structures, which point to higher-importance
regions where the sweeps enter the higher-local-shear stress regions (near the wall) and
when the ejections mix with the lower local-shear-stress regions (far from the wall).
In addition, in the main article, the SHAP structures were demonstrated to represent
a constant percentage of the Q events. This information, added to the histogram of
Supplementary Figure 3, evidences that the important Reynolds-stress structures are
those in which the streamwise velocity is important rather than those with a higher
wall-normal velocity.
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Supplementary Figure 5: Joint probability density function of the three
velocity components of the streaks for the different wall-normal distances.
The figure shows the distribution of the three velocity fluctuations, namely the stream-
wise, wall-normal, and spanwise components from left to right.

Supplementary Figure 3 shows that the important structures are located near y+ ≈
15. This wall-normal distance matches the distribution of the streaks. In addition,
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the distribution of the wall-normal and spanwise fluctuations is similar to that of the
streaks in Supplementary Figure 5. Therefore, the SHAP structures exhibit a behavior
similar to that of the ejection-like structures and sweep-like structures contained in
the low- and high-velocity streaks, respectively, which have been identified by Osawa
and Jiménez [8] as high-impact regions, and play an important role in turbulence
transport.
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Supplementary Figure 6: Joint probability density function of the three
velocity components of the vortices for the different wall-normal distances.
The figure shows the distribution of the three velocity fluctuations, namely the stream-
wise, wall-normal, and spanwise components from left to right.

Furthermore, the vortices shown in Supplementary Figure 7 mostly exhibit lower
velocity fluctuations for the three components. This fact agrees with the region of the
joint probability density function of the SHAP structures (Supplementary Figure 3),
where they exhibit a non-negligible probability of structures in regions of low-velocity
fluctuations. However, this correlation is not as significant as the agreement with the
Q events and the streaks, as discussed in Figure 4 of the main manuscript.

Coincidence between different coherent structures

The percentage of agreement between the SHAP structures and the intense Reynolds-
stress structures, streaks and vortices was presented with a visualization of the
structures at three different wall-normal distances in Figure 4 from the main paper.
This section focuses on extending the visualization of the structures at different
wall-normal distances for the whole channel size, Figure 7 and 8.

At y+ ≈ 3 most of the SHAP structures are composed by intense Reynolds-stress
structures or Q events, with a small presence of streaks and vortices. Nevertheless,
there is a large fraction of these Q events that do not match the definition of the
SHAP structures. As the wall-normal distance is increased to y+ ≈ 6, the streaks
gain importance and there is a strong agreement between the SHAP structures and
the regions in which Q events and streaks collide; note that this trend can also be
observed for y+ ≈ 34. Then, for a wall-normal distance y+ ≈ 13 the SHAP structures
are located inside the streaks, mostly where they match the Q events. For larger
wall-normal distances, the SHAP structures are mostly located in regions of intense
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Reynolds stress, y+ ≈ 80 and y+ ≈ 109, and the vortices gain importance as the
wall-normal distance increases.
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Supplementary Figure 7: Instantaneous coincidence between Q events, streaks, and
vortices for six wall-normal locations below y+ = 15. The colors used for the coinci-
dence between structures follow this code: Qs\(streaks ∪ vortices), streaks\(Qs
∪ vortices), (Qs ∪ streaks)\vortices, vortices \(Qs ∪ streaks), (Qs ∪ vortices)
\streaks, (streaks ∪ vortices) \Qs, Qs ∪ streaks ∪ vortices. The SHAP struc-
tures are represented by the black solid lines. Note that the dashed lines indicate the
domain used in Figure 4 of the main article.
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Supplementary Figure 8: Instantaneous coincidence between Q events, streaks, and
vortices for three wall-normal locations above y+ = 15. The colors used for the coinci-
dence between structures follow this code: Qs\(streaks ∪ vortices), streaks\(Qs
∪ vortices), (Qs ∪ streaks)\vortices, vortices \(Qs ∪ streaks), (Qs ∪ vortices)
\streaks, (streaks ∪ vortices) \Qs, Qs ∪ streaks ∪ vortices. The SHAP struc-
tures are represented by the black solid lines. Note that the dashed lines indicate the
domain used in Figure 4 of the main article.
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Data availability

The minimum representative data used in this study will be made available open access
at: https://github.com/KTH-FlowAI. For the complete database, please contact the
authors.

Code availability

The codes used for this work will be made available open access at: https://github.
com/KTH-FlowAI.
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