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Configuration and Dataset

The GNN is demonstrated on a dataset 
derived from 2D simulations of unsteady, 
incompressible flow over a backward-
facing step using OpenFOAM at Reynolds 
numbers in the range of 20,000 to 45,000. 
Input graph node features correspond to 
time-evolving streamwise and vertical 
velocity components. 

Methodology

Inflow Outflow

Cropped Domain

Neural network (NN) based reduced-order models (ROMs) via autoencoding have 
been shown to drastically accelerate traditional computational fluid dynamics (CFD) 
simulations for rapid design optimization and prediction of fluid flows. However, to 
extend these models to practical engineering problems, two key limitations must be 
addressed: latent space interpretability and compatibility with unstructured meshes. 
This is accomplished here with the development of a novel graph neural network 
(GNN) autoencoding architecture with demonstrations on complex fluid flow 
applications. The specific contributions are as follows: 

• To address the goal of interpretability, the GNN autoencoder achieves 
compression through an adaptive graph reduction procedure. The reduction step 
amounts to flowfield-conditioned node sampling, and produces latent graphs that 
(a) are visualizable in physical space, and (b) have connectivities that evolve in 
time with unsteady flow features. 

• To address the goal of unstructured mesh compatibility, the autoencoding 
architecture utilizes a series of multi-scale message passing (MMP) layers, each 
of which models information exchange among node neighborhoods at various 
lengthscales.

Graph generation and message passing: An input graph is extracted from a CFD 
mesh using a finite volume interpretation: nodes represent values at cell centers, and 
edges represent connections that intersect faces (flux paths). Message passing layers 
learn how to distribute information over nodes using the edge features.

GNN architecture: The architecture consists of an encoder and decoder, utilizing a 
combination of multiscale message passing layers, graph pooling layers, and graph 
unpooling layers. Graph pooling operation produces a interpretable latent graph.
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Top-K Pooling: A subset of K 
nodes is sampled from the input 
graph consisting of N nodes, such 
that K < N. In a first step, a learned 
projection vector is applied to the 
N nodes in feature space. In a 
second step, the nodes are ranked, 
and only the highest K values are 
retained. Introduced by Gao and Li 
(ICML 2019).
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Initial node features: flow variables at centroid 
Initial edge features: distance vectors

Message Passing Block 
(Battaglia et al., arXiv 2018)

1) Edge feature update

2) Edge aggregation

3) Node feature update

eij = f e(eij, vi, vj)

ēi = ∑
j∈N(i)

eij

vi = f v(ēi, vi)

Edge-wise MLP

Neighborhood 
summation

Node-wise MLP

Sampled nodes adapt to input graph (latent node positions can change)
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[K x 1] Next Steps
This work demonstrates a novel 
pathway for interpretable model 
development using graph-based 
autoencoders and adaptive pooling 
strategies. Next steps include (1) using 
the latent representations produced by 
the autoencoder presented here to 
develop a prognostic ROM, and (2) 
scaling up GNN evaluations using 
graph partitioning strategies.
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Results and Demonstration
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<latexit sha1_base64="9eEirRaqqHk48iDoXws+bxbol28=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucZxwP6IDJULBKFrpLu099soVt+rOQP4SLycVyFHvlT+7/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUKOrNInYaxtKSQz9edERiNjxlFgOyOKQ7PoTcX/vE6K4aWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d6Tw7b877vLXg5DP78AvOxzd1+o3u</latexit>ux

M
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k

<latexit sha1_base64="YOXQOtai9t9cAlay7G6AvNsPgZs=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAjbsegF48RzALJMPT0VJImPQu9KOOQL/HiQRGvfoo3/8ZOMgdNfFDweK+KqnpByplUjvNtlVZW19Y3ypuVre2d3aq9t9+WiRYUWjThiegGRAJnMbQUUxy6qQASBRw6wfhm6nceQEiWxPcqS8GLyDBmA0aJMpJvV/uPLATFeAi5nviZb9ecujMDXiZuQWqoQNO3v/phQnUEsaKcSNlznVR5ORGKUQ6TSl9LSAkdkyH0DI1JBNLLZ4dP8LFRQjxIhKlY4Zn6eyInkZRZFJjOiKiRXPSm4n9eT6vBlZezONUKYjpfNNAcqwRPU8AhE0AVzwwhVDBzK6YjIghVJquKCcFdfHmZtE/r7kX9/O6s1rgu4iijQ3SETpCLLlED3aImaiGKNHpGr+jNerJerHfrY95asoqZA/QH1ucPgCKTpw==</latexit>

euy

<latexit sha1_base64="EUVv59D59CMMHT1c1KOAbd5B98Q=">AAAB+HicbVDJSgNBEO1xjXHJqEcvjUHwFGbE7Rj04jGCWSAZhp6emqRJz0IvahzyJV48KOLVT/Hm39hJ5qCJDwoe71VRVS/IOJPKcb6tpeWV1bX10kZ5c2t7p2Lv7rVkqgWFJk15KjoBkcBZAk3FFIdOJoDEAYd2MLye+O17EJKlyZ0aZeDFpJ+wiFGijOTbld4DC0ExHkKux/6jb1edmjMFXiRuQaqoQMO3v3phSnUMiaKcSNl1nUx5ORGKUQ7jck9LyAgdkj50DU1IDNLLp4eP8ZFRQhylwlSi8FT9PZGTWMpRHJjOmKiBnPcm4n9eV6vo0stZkmkFCZ0tijTHKsWTFHDIBFDFR4YQKpi5FdMBEYQqk1XZhODOv7xIWic197x2dntarV8VcZTQATpEx8hFF6iOblADNRFFGj2jV/RmPVkv1rv1MWtdsoqZffQH1ucPfp6Tpg==</latexit>

eux
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T = 0.0141, Re = 29k

<latexit sha1_base64="TzELhXQnblj5EOsIoKBus3iB2GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9ob98oVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QN3fo3v</latexit>uy

Input

<latexit sha1_base64="9eEirRaqqHk48iDoXws+bxbol28=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucZxwP6IDJULBKFrpLu099soVt+rOQP4SLycVyFHvlT+7/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUKOrNInYaxtKSQz9edERiNjxlFgOyOKQ7PoTcX/vE6K4aWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d6Tw7b877vLXg5DP78AvOxzd1+o3u</latexit>ux

M
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k

<latexit sha1_base64="YOXQOtai9t9cAlay7G6AvNsPgZs=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAjbsegF48RzALJMPT0VJImPQu9KOOQL/HiQRGvfoo3/8ZOMgdNfFDweK+KqnpByplUjvNtlVZW19Y3ypuVre2d3aq9t9+WiRYUWjThiegGRAJnMbQUUxy6qQASBRw6wfhm6nceQEiWxPcqS8GLyDBmA0aJMpJvV/uPLATFeAi5nviZb9ecujMDXiZuQWqoQNO3v/phQnUEsaKcSNlznVR5ORGKUQ6TSl9LSAkdkyH0DI1JBNLLZ4dP8LFRQjxIhKlY4Zn6eyInkZRZFJjOiKiRXPSm4n9eT6vBlZezONUKYjpfNNAcqwRPU8AhE0AVzwwhVDBzK6YjIghVJquKCcFdfHmZtE/r7kX9/O6s1rgu4iijQ3SETpCLLlED3aImaiGKNHpGr+jNerJerHfrY95asoqZA/QH1ucPgCKTpw==</latexit>

euy

<latexit sha1_base64="EUVv59D59CMMHT1c1KOAbd5B98Q=">AAAB+HicbVDJSgNBEO1xjXHJqEcvjUHwFGbE7Rj04jGCWSAZhp6emqRJz0IvahzyJV48KOLVT/Hm39hJ5qCJDwoe71VRVS/IOJPKcb6tpeWV1bX10kZ5c2t7p2Lv7rVkqgWFJk15KjoBkcBZAk3FFIdOJoDEAYd2MLye+O17EJKlyZ0aZeDFpJ+wiFGijOTbld4DC0ExHkKux/6jb1edmjMFXiRuQaqoQMO3v3phSnUMiaKcSNl1nUx5ORGKUQ7jck9LyAgdkj50DU1IDNLLp4eP8ZFRQhylwlSi8FT9PZGTWMpRHJjOmKiBnPcm4n9eV6vo0stZkmkFCZ0tijTHKsWTFHDIBFDFR4YQKpi5FdMBEYQqk1XZhODOv7xIWic197x2dntarV8VcZTQATpEx8hFF6iOblADNRFFGj2jV/RmPVkv1rv1MWtdsoqZffQH1ucPfp6Tpg==</latexit>

eux
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T = 0.0119, Re = 40k

Re = 29,307

Re = 45,589

Model 1:  
No Coarsening

Model 2:  
Decoder Coarsening

Model 3:  
Encoder+Decoder Coarsening

The encoder creates a latent graph with reduced degrees-of-freedom using a node 
sub-sampling process. Latent graph connectivities evolve in time and generate 
masked fields that can be visualized in physical space. In the decoding process, 
information in the masked region (latent graph) is used to reconstruct the flow on the 
original graph. Multiscale GNN operations allow for more accurate 
reconstructions.

~14k nodes

~900 nodes

Input Graph (Flowfield)

Single-scale 
message passing

Multi-scale  
message passing
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<latexit sha1_base64="PNGCSxMWTb32CN/DJPaPcamWC7A=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiTia1l047KCfUAbymQ6aYfOTMLMRCyhv+DGhSJu/SF3/o2TNgttPXDhcM693HtPmHCmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6ThVhDZJzGPVCbGmnEnaNMxw2kkUxSLktB2Ob3O//UiVZrF8MJOEBgIPJYsYwSaX0v4T6rtVr+bNgJaJX5AqFGj03a/eICapoNIQjrXu+l5iggwrwwin00ov1TTBZIyHtGupxILqIJvdOkUnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96ufif101NdB1kTCapoZLMF0UpRyZG+eNowBQlhk8swUQxeysiI6wwMTaeig3BX3x5mbTOav5l7eL+vFq/KeIowxEcwyn4cAV1uIMGNIHACJ7hFd4c4bw4787HvLXkFDOH8AfO5w/Mro4Y</latexit>ux

<latexit sha1_base64="TzELhXQnblj5EOsIoKBus3iB2GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9ob98oVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QN3fo3v</latexit>uy

Encoder

Decoder Decoder

<latexit sha1_base64="YOXQOtai9t9cAlay7G6AvNsPgZs=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAjbsegF48RzALJMPT0VJImPQu9KOOQL/HiQRGvfoo3/8ZOMgdNfFDweK+KqnpByplUjvNtlVZW19Y3ypuVre2d3aq9t9+WiRYUWjThiegGRAJnMbQUUxy6qQASBRw6wfhm6nceQEiWxPcqS8GLyDBmA0aJMpJvV/uPLATFeAi5nviZb9ecujMDXiZuQWqoQNO3v/phQnUEsaKcSNlznVR5ORGKUQ6TSl9LSAkdkyH0DI1JBNLLZ4dP8LFRQjxIhKlY4Zn6eyInkZRZFJjOiKiRXPSm4n9eT6vBlZezONUKYjpfNNAcqwRPU8AhE0AVzwwhVDBzK6YjIghVJquKCcFdfHmZtE/r7kX9/O6s1rgu4iijQ3SETpCLLlED3aImaiGKNHpGr+jNerJerHfrY95asoqZA/QH1ucPgCKTpw==</latexit>

euy

<latexit sha1_base64="EUVv59D59CMMHT1c1KOAbd5B98Q=">AAAB+HicbVDJSgNBEO1xjXHJqEcvjUHwFGbE7Rj04jGCWSAZhp6emqRJz0IvahzyJV48KOLVT/Hm39hJ5qCJDwoe71VRVS/IOJPKcb6tpeWV1bX10kZ5c2t7p2Lv7rVkqgWFJk15KjoBkcBZAk3FFIdOJoDEAYd2MLye+O17EJKlyZ0aZeDFpJ+wiFGijOTbld4DC0ExHkKux/6jb1edmjMFXiRuQaqoQMO3v3phSnUMiaKcSNl1nUx5ORGKUQ7jck9LyAgdkj50DU1IDNLLp4eP8ZFRQhylwlSi8FT9PZGTWMpRHJjOmKiBnPcm4n9eV6vo0stZkmkFCZ0tijTHKsWTFHDIBFDFR4YQKpi5FdMBEYQqk1XZhODOv7xIWic197x2dntarV8VcZTQATpEx8hFF6iOblADNRFFGj2jV/RmPVkv1rv1MWtdsoqZffQH1ucPfp6Tpg==</latexit>

eux

Reference: Barwey, S., Shankar, V. Viswanathan, V., and Maulik, R., 2023. Multiscale 
Graph Neural Network Autoencoders for Interpretable Scientific Machine 
Learning. arXiv preprint arXiv:2302.06186.


