Pre prints.org

Article Not peer-reviewed version

Hybrid Physics-Spectral-Threshold
Framework for Fluid Flow Analysis:
Comprehensive Validation on Turbulent
and Laminar Regimes

Mohsen Mostafa
Posted Date: 20 March 2026
doi: 10.20944/preprints202603.1281.v2

Keywords: physics-informed neural networks; graph neural networks; turbulent flow; adaptive thresholding;
computational fluid dynamics

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/5121383
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2026 d0i:10.20944/preprints202603.1281.v2

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Hybrid Physics-Spectral-Threshold Framework for
Fluid Flow Analysis: Comprehensive Validation on
Turbulent and Laminar Regimes
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Abstract

Physics-informed machine learning has emerged as a powerful paradigm for fluid flow analysis, yet
existing methods struggle to balance accuracy, interpretability, and computational efficiency across
diverse flow regimes. We present the Hybrid Physics-Spectral-Threshold (HPST) framework, which
integrates three key innovations: (1) physics-based region identification using vorticity-aware spectral
clustering, (2) adaptive thresholding via distance-weighted negative statistics, and (3) seamless inte-
gration with graph neural networks for velocity field prediction. Through comprehensive validation
on six distinct flow configurations—ranging from laminar cylinder wakes (Re=100) to fully turbulent
regimes (Re=3900), airfoil flows, backward-facing steps, and noisy experimental data—we demon-
strate that HPST consistently matches or exceeds standard GNN performance across all configurations.
The largest gains (4.4%) occur precisely in turbulent regimes where adaptive thresholding matters
most. Statistical validation across 10 random seeds per experiment (120 individual trainings, each
for 500 epochs) confirms robustness, with all experiments completing without numerical instability.
Computational cost analysis shows HPST adds 3.7 seconds per dataset—a 7% overhead fully justified
by accuracy gains in safety-critical applications. The framework’s built-in physics awareness provides
interpretable thresholds that adapt to local flow conditions, offering a path toward trustworthy Al in
computational fluid dynamics.

Keywords: physics-informed neural networks; graph neural networks; turbulent flow; adaptive
thresholding; computational fluid dynamics

1. Introduction

The intersection of machine learning and computational fluid dynamics has produced remarkable
advances in recent years [1,2]. Physics-informed neural networks (PINNs) [1] demonstrated that em-
bedding physical laws directly into the loss function can yield accurate solutions to partial differential
equations without traditional mesh-based discretization. Subsequent work extended this paradigm
to graph-based representations [3,4], enabling learning on unstructured meshes and point clouds
characteristic of fluid flow problems.

Despite these advances, a fundamental challenge persists: how to identify coherent flow structures in
a manner that is both accurate and interpretable. Traditional vortex identification methods—Q-criterion [2],
Az [3], A [4], and swirling strength [5]—provide physics-based thresholds but are computationally
expensive and require manual tuning. Machine learning approaches, conversely, offer adaptive
capabilities but often sacrifice interpretability.

This paper introduces the Hybrid Physics-Spectral-Threshold (HPST) framework, which bridges
this gap through three key innovations:

1.  Physics-based region identification: Instead of clustering purely on coordinates, HPST constructs
a five-dimensional feature space incorporating spatial coordinates, velocity components, and
vorticity. Spectral clustering in this space yields regions that respect both geometry and physics.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0009-0004-4478-0317
https://doi.org/10.20944/preprints202603.1281.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2026 d0i:10.20944/preprints202603.1281.v2

20f9

2. Adaptive thresholding via negative statistics: For each region, the threshold is derived from
the distribution of values outside that region, weighted by inverse distance. This “negative
statistics” approach naturally identifies what constitutes anomalous behavior relative to the
local background.

3.  Seamless integration with GNNs: The framework operates as a post-processing layer on GNN-
predicted velocity fields, providing interpretable uncertainty estimates and flow structure identi-
fication at minimal computational cost.

We validate HPST across six distinct flow configurations spanning laminar to turbulent regimes,
including cylinder wakes at Re=100, 1000, and 3900, airfoil flows, backward-facing steps, and noisy
experimental data. Statistical rigor is ensured through 10 random seeds per experiment (120 individual
trainings), each for 500 epochs—a total of 60,000 training epochs.

Our central finding: HPST consistently matches or exceeds standard GNN performance across
all flow configurations, with the largest gains (4.4%) observed in turbulent regimes where adaptive
thresholding matters most. The built-in physics awareness provides robust performance at reasonable
computational cost, offering a practical tool for engineering applications where both accuracy and
interpretability are paramount.

2. Mathematical Framework
2.1. Problem Formulation

Let Q C R? be a bounded domain containing N points with coordinates x; € R2. At each point,
we observe velocity components u;, v; € R. The speed field is:

si = \Ju? +0v? (1)

Our goal is to identify coherent structures via adaptive thresholding of the speed field.

2.2. Physics-Based Feature Construction

For each point i, we construct a feature vector that encodes both geometry and physics:
T
£ - [x Yi i v wz} @)
where w; is vorticity, computed via finite differences:

Jdv Jdu
o= (5-%), ©

and oy, 0y, 0y, 0y, 0y, are standard deviations ensuring unit variance.

2.3. Spectral Clustering for Region Identification

Spectral clustering on the feature matrix F € RN*S identifies K regions. The affinity matrix A

Ajj = ex —Li_fj"z 4)
gl p 202

uses a radial basis function kernel:

The normalized graph Laplacian is:
L=1-D !/2AD" !/ ®)

where D is the degree matrix. The eigenvectors of L corresponding to the smallest K eigenvalues
provide an embedding for k-means clustering, yielding region assignments r; € {1,...,K}.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Distance-Weighted Negative Statistics

For each region r, let Z, = {i : r; = r} (in-region) and O, = {i : r; # r} (out-region). For each
i € Z,, we compute weighted statistics using all j € O;:

i — ;|
wijj = (6)
T Ykeo, lIxi = x|
pi= ) wis (7)
j€0,
2 _ 2
o7 =Y wii(sj — pi) (8)
j€o,
Region-level statistics are then aggregated:
b= w ©)
' | Zi| i€, Z
1
O'rz—z 0% +e (10)
I Zi| i€Z,
2.5. Adaptive Threshold
The adaptive threshold for region 7 is:
Ty =w+ua-o (11)

where « € R" is a tunable sensitivity parameter. The final classification is:

1 ifs; > T,
c; = 1 i (12)
0 otherwise

Points with c; = 1 are identified as belonging to coherent structures (vortex cores, shear layers, etc.).

3. Algorithmic Implementation
3.1. Mathematical Algorithm
The detailed steps of the HPST adaptive thresholding method are summarized in Algorithm 1.

Algorithm 1 HPST Adaptive Thresholding

Require: Coordinates x € RN*2, yelocities u,v € RN, regions K, sensitivity a
Ensure: Classification ¢ € {0, 1}V

1: Compute vorticity w = dv/dx — du/dy

2: Construct normalized features f = [x/0y,y/0y, u/0u, v/ 00, w/00)

3: Perform spectral clustering on f to obtain region labels r

4: Compute speed s = Vu? + v?

5: forr =1to K do

6 I={i:ri=r},O0={i:ri #r}
7 foreachi € 7 do

8: foreachj e O do

9: dij = [|xi — x|

10: wij = d;l/ Zke(ﬂ dizl

11: end for

12: Hi= ZjEO w,-]-s/-

13: 07 = Ljco wij(sj — pi)?

14: end for

15: My = Mmean;er Ji

16: 0, = meanjez (/07 +€
17: T, =pu+a o0

18: foreachi € 7 do

19: ¢ =1ifs; > T, else 0
20: end for

21: end for

22: return c
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3.2. Compact Python Implementation (52 lines)
The following Python function implements the HPST thresholding.

Listing 1: Python implementation of HPST

40f9

1 import numpy as np
2 from sklearn.cluster import SpectralClustering
3 from sklearn.neighbors import NearestNeighbors

4+ from scipy.spatial.distance import cdist

¢ def hpst_threshold(coords, u, v, K=5, alpha=0.7):

— fit_predict(feat)

33

34 # Step 4: Compute speed

3 speed = np.sqrt(u**2 + v**2)

36 classification = np.zeros_like (speed)

37

38 # Step 5: Adaptive threshold per region

39 for r in range(X):

10 in_idx = np.where(clusters == r) [0]

4 out_idx = np.where(clusters != r) [0]

) if len(in_idx) == 0 or len(out_idx) == O0:

3 T = speed.mean() + speed.std()

m classification[in_idx] = speed[in_idx] > T
45 continue

46

47 # Distance-weighted statistics

48 dist = cdist(coords[in_idx], coords[out_idx])
19 w =1.0 / (dist + 1e-8)

50 w /= w.sum(axis=1, keepdims=True)

r(s). Distributed under a Creative Commons CC BY license.

7 # Step 1: Compute vorticity

8 nbrs = NearestNeighbors(n_neighbors=5).fit(coords)

9 _, 1idx = nbrs.kneighbors (coords)

10 vort = np.zeros_like (u)

1 for i in range(len(coords)):

12 nb = idx[i, 1:]

13 if len(nb) < 2: continue

14 dx = coords[nb,0] - coordsl[i,O]

15 dy = coords[nb,1] - coords[i,1]

16 du = ulnb] - ulil]

17 dv = v[nb]l - vI[i]

18 A = np.stack([dx, dyl, axis=1)

19 try:

20 du_dx, du_dy = np.linalg.lstsq(A, du, rcond=None) [0]
21 dv_dx, dv_dy = np.linalg.lstsq(A, dv, rcond=None) [0]
» vort[i] = dv_dx - du_dy

23 except:

2% pass

25 vort = np.nan_to_num(vort)

26

27 # Step 2: Normalize features

28 feat = np.stack([coords[:,0], coords[:,1], u, v, vort], axis=1)
2 feat = (feat - feat.mean(axis=0)) / (feat.std(axis=0) + 1e-8)
30

31 # Step 3: Spectral clustering

32 clusters = SpectralClustering (K, affinity=’rbf’, random_state=42).
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51 mu_i = np.sum(w * speed[out_idx], axis=1)

52 sigma_i = np.sqrt(np.sum(w * (speed[out_idx] - mu_il[:,Nonel) **2,
— axis=1) + 1le-8)

53 T_r = mu_i.mean() + alpha * sigma_i.mean()

54 classification[in_idx] = speed[in_idx] > T_r

55

56 return classification, clusters

4. Graph Neural Network Architecture
4.1. Mathematical Formulation

We construct a k-nearest neighbor graph G = (V,£). The graph transformer layer performs
message passing:

h{™* =Wy ReLU[ Wy - [0 || ¥ ayhl’ (13)
JEN )

Attention coefficients &;; are computed as:

exp (aT - [Wyh; || thjD

M e exp(aT - [Wyh [ Wihy]) (49
4.2. PyTorch Implementation
The following code defines the graph transformer architecture in PyTorch.
Listing 2: Graph Transformer implementation in PyTorch

1 import torch

2 import torch.nn as nn

3 import torch.nn.functional as F

4

5 def knn_graph(coords, k=10):

6 dist = torch.cdist (coords, coords)

7 knn = dist.topk(k+1l, largest=False).indices[:, 1:]

8 src = torch.arange(len(coords), device=coords.device) .repeat_interleave

— (k)

9 dst = knn.reshape(-1)

10 return torch.stack([src, dst])

11

12 class GraphTransformer (nn.Module):

13 def __init__(self, dim=256, out_dim=2, layers=6, heads=8):

14 super () . __init__Q)

15 self .embed = nn.Linear (2, dim)

16 self.layers = nn.Modulelist ([GraphTransformerLayer (dim, heads) for

— _ in range(layers)])

17 self .norm = nn.LayerNorm(dim)

18 self.out = nn.Linear (dim, out_dim)

19

2 def forward(self, x, edge_index):

21 x = self.embed(x)

2 for layer in self.layers:

23 x = layer(x, edge_index)

2% return self.out(self.norm(x))

25
% class GraphTransformerLayer (nn.Module):
27 def __init__(self, dim, heads=8):

r(s). Distributed under a Creative Commons CC BY license.
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2 super () . __init__(Q)
2 self .norml = nn.LayerNorm(dim)
30 self .norm2 = nn.LayerNorm(dim)
31 self.attn = MultiHeadAttention(dim, heads)
» self .ffn = nn.Sequential(
33 nn.Linear (dim, dim*4), nn.GELU(), nn.Linear(dim*4, dim)
34 )
35
36 def forward(self, x, edge_index):
37 x = x + self.attn(self.norml(x), edge_index)
38 x = x + self.ffn(self.norm2(x))
39 return Xx
40
1 class MultiHeadAttention (nn.Module):
0 def __init__(self, dim, heads=8):
B super () . __init__()
44 self .heads = heads
45 self .head_dim = dim // heads
16 self .qkv = nn.Linear (dim, dim * 3)
47 self .out = nn.Linear (dim, dim)
18 self.scale = (dim // heads) ** 0.5
49
50 def forward(self, x, edge_index):
51 N, src, dst = x.size(0), edge_index[0], edge_index[1]
52 q, k, v = self.qkv(x).view(N, self.heads, self.head_dim * 3).chunk
— (3, dim=-1)
53 attn = (qlsrc] * k[dst]).sum(dim=-1) / self.scale
54 exp_attn = torch.exp(attn - attn.max(dim=0, keepdim=True) [0])
55 sum_exp = torch.zeros (N, self.heads, device=x.device)
56 sum_exp.index_add_(0, dst, exp_attn)
57 attn_weights = exp_attn / (sum_exp[dst] + 1e-8)
58 out = torch.zeros(N, self.heads, self.head_dim, device=x.device)
59 out.index_add_(0, dst, v[dst] * attn_weights.unsqueeze(-1))
60 return self.out (out.view(N, -1))

5. Experimental Setup
5.1. Datasets

We evaluate on six flow configurations spanning laminar to turbulent regimes as summarized in

Table 1.
Table 1. Dataset characteristics
Dataset Re Points Description Physical Characteristics
Rel00 100 10,000 Cylinder wake Laminar, periodic vortex shedding
Re1000 1,000 10,000 Cylinder wake Transitional, 3D instabilities
Re3900 3,900 10,000 Cylinder wake Fully turbulent
Airfoil — 10,000 NACA 0012 wake Asymmetric, attached flow
BFS — 10,000 Backward-facing step  Recirculation, separation
Real-PIV 100 5,000 Synthetic PIV 5% Gaussian noise

5.2. Training Protocol

Each experiment configuration is repeated with 10 different random seeds (42-51). Models are
trained for 500 epochs with:

¢  Optimizer: AdamW (Ir=1e-3, weight_decay=1e-5)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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*  Gradient clipping: max_norm=1.0
e Validation frequency: every 10 epochs
¢  Training/validation/test split: 72/18/10%

6. Results
6.1. Overall Performance

Figure 1 presents the comprehensive validation results across all 12 experiments. Each bar
represents the mean R? over 10 seeds, with error bars indicating standard deviation.
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Figure 1. Comprehensive validation results showing HPST consistently matches or exceeds GNN performance
across all configurations.

6.2. Quantitative Comparison

Table 2 summarizes the R? results for all experiments. HPST matches or exceeds GNN perfor-
mance on every dataset, with the largest gains on turbulent flow.

Table 2. R? comparison across all experiments (mean =+ std over 10 seeds)

Model Rel00 Rel1000 Re3900 Airfoil BFS Real-PIV
GNN 0.9521+0.017 0.9302£0.043 0.9071£0.028 0.9817+0.020 0.9506£0.025 0.9020-£0.017
HPST 0.9566+0.022 0.9464+0.016 0.9183+0.063 0.9894+0.005 0.9522+0.025 0.9020-+£0.017
Improvement +0.5% +1.7% +4.4% +0.8% +0.2% 0%

The 4.4% improvement on Re=3900 turbulent flow is particularly significant, as this regime
presents the greatest challenge for traditional methods.

6.3. Threshold Method Comparison

Table 3 compares the accuracy of different threshold identification methods on the Re100 test case.
HPST achieves the highest accuracy (0.989), surpassing both simple thresholds and literature baselines.

Table 3. Threshold accuracy comparison (Re100)

Method Accuracy Time (ms)
Global 0.968 0.09
Regional fixed 0.970 61.5
Q-criterion 0.972 425.7
Ao 0.973 431.6

A 0.971 399.0
Swirling 0.972 4459
HPST (« = 0.7) 0.989 3732.2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1281.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2026 d0i:10.20944/preprints202603.1281.v2

8of9

6.4. Computational Cost Analysis

Table 4 presents the computational cost breakdown. The 3.7-second HPST overhead represents
approximately 7% of total training time—a modest cost given the accuracy gains.

Table 4. Computational cost (ms per dataset)

Component Time (ms)
GNN training (500 epochs) 52,000
HPST threshold computation 3,732
HPST overhead 7%

7. Discussion
7.1. Why HPST Excels on Turbulent Flows

Turbulent flows (Re=3900) contain intermittent, multi-scale structures that appear in different
spatial locations at different times. Traditional fixed thresholds cannot adapt to this variability. HPST’s
negative statistics approach naturally identifies “what is not this region,” making it ideal for detecting
coherent structures against a turbulent background.

The 4.4% improvement on Re=3900 demonstrates that adaptive, physics-informed thresholding
provides meaningful benefits precisely where they are most needed. In engineering applications—
aircraft design, turbomachinery, weather prediction—such gains can translate to significant improve-
ments in safety margins and fuel efficiency.

7.2. Why Simple Flows Show Minimal Gain

On laminar flows (Re=100) and airfoils, the flow is highly predictable with minimal variation. Both
GNN and HPST approach the theoretical maximum R? ~ 0.99, leaving little room for improvement.
The fact that HPST matches GNN performance on these cases confirms that the adaptive mechanism
does not harm performance when not needed.

7.3. Trade-Offs and Limitations

The 3.7-second HPST overhead is modest but non-zero. For real-time applications, simpler
thresholds may be preferable. However, for offline analysis and safety-critical applications, the
accuracy gains justify the cost. HPST’s reliance on spectral clustering introduces stochasticity; our use
of 10 seeds per experiment ensures statistical robustness.

8. Conclusions

We have presented the Hybrid Physics-Spectral-Threshold (HPST) framework for fluid flow
analysis. Our key findings are:

1.  HPST consistently matches or exceeds standard GNN performance across all configurations,
with the largest gains (4.4%) in turbulent regimes.

2. Statistical validation across 120 individual experiments confirms robustness, with no numerical
instabilities.

3.  Computational cost analysis shows HPST adds 7% overhead—fully justified by accuracy gains.

4. Comparison with literature methods shows HPST achieves superior threshold accuracy (0.989
vs 0.973).

The HPST framework offers a practical tool for engineering applications where both accuracy

and interpretability are paramount.

Data Availability Statement: All code and data are publicly available at: https:/ /github.com/HybridPhysicsSp
ectralThreshold /Hybrid-Physics
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