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Abstract
We study the problem of semi-supervised learning on graphs, for which graph
neural networks (GNNs) have been extensively explored. However, most existing
GNNs inherently suffer from the limitations of over-smoothing [6, 23, 24, 30],
non-robustness [48, 45], and weak-generalization when labeled nodes are scarce.
In this paper, we propose a simple yet effective framework—G RAPH R ANDOM
N EURAL N ETWORKS (G RAND)—to address these issues. In G RAND, we first
design a random propagation strategy to perform graph data augmentation. Then
we leverage consistency regularization to optimize the prediction consistency of
unlabeled nodes across different data augmentations. Extensive experiments on
graph benchmark datasets suggest that G RAND significantly outperforms state-ofthe-art GNN baselines on semi-supervised node classification. Finally, we show
that G RAND mitigates the issues of over-smoothing and non-robustness, exhibiting
better generalization behavior than existing GNNs. The source code of G RAND is
publicly available at https://github.com/Grand20/grand.
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Introduction

Graphs serve as a common language for modeling structured and relational data [22], such as social
networks, knowledge graphs, and the World Wide Web. Mining and learning graphs can benefit
various real-world problems and applications. The focus of this work is on the problem of semisupervised learning on graphs [46, 20, 10], which aims to predict the categories of unlabeled nodes
of a given graph with only a small proportion of labeled nodes. Among its solutions, graph neural
networks (GNNs) [20, 17, 35, 1] have recently emerged as powerful approaches. The main idea of
GNNs lies in a deterministic feature propagation process to learn expressive node representations.
However, recent studies show that such propagation procedure brings some inherent issues: First,
most GNNs suffer from over-smoothing [23, 6, 24, 30]. Li et al. show that the graph convolution
operation is a special form of Laplacian smoothing [23], and consequently, stacking many GNN layers
tends to make nodes’ features indistinguishable. In addition, a very recent work [30] suggests that
the coupled non-linear transformation in the propagation procedure can further aggravate this issue.
Second, GNNs are often not robust to graph attacks [48, 45], due to the deterministic propagation
adopted in most of them. Naturally, the deterministic propagation makes each node highly dependent
with its (multi-hop) neighborhoods, leaving the nodes to be easily misguided by potential data noise
and susceptible to adversarial perturbations.
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The third issue lies in the general setting of semi-supervised learning, wherein standard training
methods (for GNNs) can easily overfit the scarce label information [5]. Most efforts to addressing
this broad issue are focused on how to fully leverage the large amount of unlabeled data. In computer
vision, recent attempts, e.g. MixMatch [3], UDA [40], have been proposed to solve this problem
by designing data augmentation methods for consistency regularized training, which have achieved
great success in the semi-supervised image classification task. This inspires us to apply this idea into
GNNs to facilitate semi-supervised learning on graphs.
In this work, we address these issues by designing graph data augmentation and consistency regularization strategies for semi-supervised learning. Specifically, we present the G RAPH R ANDOM N EURAL
N ETWORKS (G RAND), a simple yet powerful graph-based semi-supervised learning framework.
To effectively augment graph data, we propose random propagation in G RAND, wherein each node’s
features can be randomly dropped either partially (dropout) or entirely, after which the perturbed
feature matrix is propagated over the graph. As a result, each node is enabled to be insensitive
to specific neighborhoods, increasing the robustness of G RAND. Further, the design of random
propagation can naturally separate feature propagation and transformation, which are commonly
coupled with each other in most GNNs. This empowers G RAND to safely perform higher-order feature
propagation without increasing the complexity, reducing the risk of over-smoothing for G RAND. More
importantly, random propagation enables each node to randomly pass messages to its neighborhoods.
Under the assumption of homophily of graph data [26], we are able to stochastically generate different
augmented representations for each node. We then utilize consistency regularization to enforce the
prediction model, e.g., a simple Multilayer Perception (MLP), to output similar predictions on
different augmentations of the same unlabeled data, improving G RAND’s generalization behavior
under the semi-supervised setting.
Finally, we theoretically illustrate that random propagation and consistency regularization can enforce
the consistency of classification confidence between each node and its multi-hop neighborhoods.
Empirically, we also show both strategies can improve the generalization of G RAND, and mitigate the
issues of non-robustness and over-smoothing that are commonly faced by existing GNNs. Altogether,
extensive experiments demonstrate that G RAND achieves state-of-the-art semi-supervised learning
results on GNN benchmark datasets.

2

Problem and Related Work

Let G = (V, E) denote a graph, where V is a set of |V | = n nodes and E ⊆ V × V is a set of |E|
edges between nodes. A ∈ {0, 1}n×n denotes the adjacency matrix of G, with each element Aij = 1
indicating there exists an edge between vi and vj , otherwise Aij = 0.
Semi-Supervised Learning on Graphs. This work focuses on semi-supervised graph learning, in
which each node vi is associated with 1) a feature vector Xi ∈ X ∈ Rn×d and 2) a label vector
Yi ∈ Y ∈ {0, 1}n×C with C representing the number of classes. For semi-supervised classification,
m nodes (0 < m  n) have observed their labels YL and the labels YU of the remaining n − m
nodes are missing. The objective is to learn a predictive function f : G, X, YL → YU to infer the
missing labels YU for unlabeled nodes. Traditional approaches to this problem are mostly based on
graph Laplacian regularizations [46, 44, 27, 38, 2]. Recently, graph neural networks (GNNs) have
emerged as a powerful approach for semi-supervised graph learning, which are reviewed below.
Graph Neural Networks. GNNs [15, 33, 20] generalize neural techniques into graph-structured
data. The core operation in GNNs is graph propagation, in which information is propagated from
each node to its neighborhoods with some deterministic propagation rules. For example, the graph
convolutional network (GCN) [20] adopts the propagation rule H(l+1) = σ(ÂH(l) W(l) ), where Â
is the symmetric normalized adjacency matrix, σ(.) denotes the ReLU function, and W(l) and H(l)
are the weight matrix and the hidden node representation in the lth layer with H(0) = X.
The GCN propagation rule could be explained via the approximation of the spectral graph convolutions [4, 18, 8], neural message passing [14], and convolutions on direct neighborhoods [29, 17].
Recent attempts to advance this architecture include GAT [35], GMNN [31], MixHop [1], and
GraphNAS [13], etc. In addition, sampling based techniques have also been developed for fast and
scalable GNN training, such as GraphSAGE [17], FastGCN [7], AS-GCN [19], and LADIES [47].
The sampling based propagation used in those models may also be used as a graph augmentation
2

(a) Random Propagation
DropNode

S Augmentations
5 1 2
3 5 2

5

1

2

0

0

0

0

3

2

2

0

0

0

0

8

4

5

1

8

4

5

3

5

2

1

3

5

2

1

3

3

1

1

3

3

6

2

0

0

0

0

1
3 2 2

⌦
<latexit sha1_base64="uZ3UbTuWSMDfrUnz6eEgj1Q8wd4="></latexit>

<latexit sha1_base64="Dq5BSsYWHiNoxTx9KCjee5aNfgU=">AAAB7HicbVDLSsNAFL2pr1pfVZduBovgqiQqPnZFNy4r2Ae0oUymk3bozCTMTIQS+g1uXCji1g9y5984SYOo9cCFwzn3cu89QcyZNq776ZSWlldW18rrlY3Nre2d6u5eW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpP5nQeqNIvkvZnG1Bd4JFnICDZWagmsJ3pQrbl1NwdaJF5BalCgOah+9IcRSQSVhnCsdc9zY+OnWBlGOJ1V+ommMSYTPKI9SyUWVPtpfuwMHVlliMJI2ZIG5erPiRQLracisJ0Cm7H+62Xif14vMeGlnzIZJ4ZKMl8UJhyZCGWfoyFTlBg+tQQTxeytiIyxwsTYfCp5CFcZzr9fXiTtk7p3Wj+9O6s1ros4ynAAh3AMHlxAA26hCS0gwOARnuHFkc6T8+q8zVtLTjGzD7/gvH8BGB2PAg==</latexit>

<latexit sha1_base64="W3w2Z8aZFk7WD7mcoWbhgC9IeRg=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRWfOyKblxWsA9sQ5lMJ+3QySTMTIQS8hduXCji1r9x5984SYOo9cDA4Zx7mXOPF3GmtG1/WqWl5ZXVtfJ6ZWNza3unurvXUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643vc787gOVioXiTs8i6gZ4LJjPCNZGuh8EWE88P+mlw2rNrts50CJxClKDAq1h9WMwCkkcUKEJx0r1HTvSboKlZoTTtDKIFY0wmeIx7RsqcECVm+SJU3RklBHyQ2me0ChXf24kOFBqFnhmMkuo/nqZ+J/Xj7V/4SZMRLGmgsw/8mOOdIiy89GISUo0nxmCiWQmKyITLDHRpqRKXsJlhrPvkxdJ56TuNOqN29Na86qoowwHcAjH4MA5NOEGWtAGAgIe4RleLGU9Wa/W23y0ZBU7+/AL1vsX5WGRMw==</latexit>

0 0 0

<latexit sha1_base64="/1PSZ9dAlJUkrVsy/cTgufCC0+4=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqpiRWfOyKblxWsA9oYplMJ+3QSSbMTIQSsnDjr7hxoYhbP8Kdf+MkDaLWAwOHc+5h7j1exKhUlvVpLCwuLa+sltbK6xubW9vmzm5H8lhg0saccdHzkCSMhqStqGKkFwmCAo+Rrje5zPzuHRGS8vBGTSPiBmgUUp9ipLQ0MCsO13aWTpwAqbHnJ700vU1q9mE6MKtW3coB54ldkCoo0BqYH86Q4zggocIMSdm3rUi5CRKKYkbSshNLEiE8QSPS1zREAZFukh+RwgOtDKHPhX6hgrn6M5GgQMpp4OnJbFH518vE/7x+rPwzN6FhFCsS4tlHfsyg4jBrBA6pIFixqSYIC6p3hXiMBMJK91bOSzjPcPJ98jzpHNXtRr1xfVxtXhR1lEAF7IMasMEpaIIr0AJtgME9eATP4MV4MJ6MV+NtNrpgFJk98AvG+xdGJJie</latexit>

3 5 2

X

(c) Consistency Regularized Training

(1)

e (1)
Z
<latexit sha1_base64="gJbNTjCX7wn2L9pft4Wh3TUnLec=">AAACBXicbVDLSsNAFJ34rPUVdamLYBHqpiRWfOyKblxWsA9sYplMbtqhkwczE6WEbNz4K25cKOLWf3Dn35ikQdR64MLhnHu59x47ZFRIXf9UZmbn5hcWS0vl5ZXVtXV1Y7MtgogTaJGABbxrYwGM+tCSVDLohhywZzPo2KPzzO/cAhc08K/kOATLwwOfupRgmUp9dce8ow5IyhyITQ/Loe3G10lyE1eN/aSvVvSankObJkZBKqhAs69+mE5AIg98SRgWomfoobRizCUlDJKyGQkIMRnhAfRS6mMPhBXnXyTaXqo4mhvwtHyp5erPiRh7Qow9O+3MDhV/vUz8z+tF0j2xYuqHkQSfTBa5EdNkoGWRaA7lQCQbpwQTTtNbNTLEHBOZBlfOQzjNcPT98jRpH9SMeq1+eVhpnBVxlNA22kVVZKBj1EAXqIlaiKB79Iie0YvyoDwpr8rbpHVGKWa20C8o71/75pkB</latexit>

0.1

4.2 5.1 2.8
0 0 0

0.5

3.8 4.6 2.2

0.6

7.3 4.4 4.1

8 4 5

2.8 5.2 3.2

0 0 0

1.8 4.5 3.9
1 3 3

e (1)
X

masks

X

(b) Augmented Features

Propagation Without W

0.6

1.1 4.2 5.3

0.7

<latexit sha1_base64="CoE5MK4n1ZiS1hbx81YBCjU0qUY=">AAACBXicbVDLSsNAFJ3UV62vqEtdBItQNyWx4mNXdOOygn1AE8tkctMOnTyYmSglZOPGX3HjQhG3/oM7/8YkDaLWAxcO59zLvffYIaNC6vqnUpqbX1hcKi9XVlbX1jfUza2OCCJOoE0CFvCejQUw6kNbUsmgF3LAns2ga48vMr97C1zQwL+WkxAsDw996lKCZSoN1F3zjjogKXMgNj0sR7Yb95LkJq4ZB8lArep1PYc2S4yCVFGB1kD9MJ2ARB74kjAsRN/QQ2nFmEtKGCQVMxIQYjLGQ+in1MceCCvOv0i0/VRxNDfgaflSy9WfEzH2hJh4dtqZHSr+epn4n9ePpHtqxdQPIwk+mS5yI6bJQMsi0RzKgUg2SQkmnKa3amSEOSYyDa6Sh3CW4fj75VnSOawbjXrj6qjaPC/iKKMdtIdqyEAnqIkuUQu1EUH36BE9oxflQXlSXpW3aWtJKWa20S8o71/4zpj/</latexit>

<latexit sha1_base64="AnhCxOevVhw2cdlfY+NTHpkCcwo=">AAACFXicbVDLSsNAFJ34rPUVdelmsAiCUlIrPnZFNy5cVLAPaEKYTKbt0MkkzEyEEvITbvwVNy4UcSu482+cpEGs9cDA4Zx779x7vIhRqSzry5ibX1hcWi6tlFfX1jc2za3ttgxjgUkLhywUXQ9JwignLUUVI91IEBR4jHS80VXmd+6JkDTkd2ocESdAA077FCOlJdc8sgOkhhix5CZ1ExlHKTyENtMDfDRl4ZCnrlmxqlYOOEtqBamAAk3X/LT9EMcB4QozJGWvZkXKSZBQFDOSlu1YkgjhERqQnqYcBUQ6SX5VCve14sN+KPTjCubq744EBVKOA09XZovKv14m/uf1YtU/dxLKo1gRjicf9WMGVQiziKBPBcGKjTVBWFC9K8RDJBBWOshyHsJFhtOfk2dJ+7haq1frtyeVxmURRwnsgj1wAGrgDDTANWiCFsDgATyBF/BqPBrPxpvxPimdM4qeHTAF4+MbyUWf/A==</latexit>

1

Lsup
<latexit sha1_base64="eMVnT7uvxkgsE/9FVP240KTyuTo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlUfOyKbly4qGAf0IYwmU7aoZMHMxOlxHyKGxeKuPVL3Pk3Ttogaj0wcDjnXu6Z48WcSWVZn0ZpYXFpeaW8Wllb39jcMqvbbRklgtAWiXgkuh6WlLOQthRTnHZjQXHgcdrxxpe537mjQrIovFWTmDoBHobMZwQrLblmtR9gNSKYp9eZm8okzlyzZtWtKdA8sQtSgwJN1/zoDyKSBDRUhGMpe7YVKyfFQjHCaVbpJ5LGmIzxkPY0DXFApZNOo2doXysD5EdCv1ChqfpzI8WBlJPA05N5UPnXy8X/vF6i/DMnZWGcKBqS2SE/4UhFKO8BDZigRPGJJpgIprMiMsICE6XbqkxLOM9x8v3ledI+rNtH9aOb41rjoqijDLuwBwdgwyk04Aqa0AIC9/AIz/BiPBhPxqvxNhstGcXODvyC8f4FIpqUtQ==</latexit>

…

…

…

8 4 5

Loss: Lsup + Lcon

0.2

MLP

1 3 3

Graph Data

Propagation Without W

5

1

2

1

5

1

2

3

2

2

0

0

0

0

8

4

5

0

0

0

0

3

5

2

1

3

5

2

0

0

0

0

1

1

6

2

1

3

3

1

6

2

X
<latexit sha1_base64="W3w2Z8aZFk7WD7mcoWbhgC9IeRg=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRWfOyKblxWsA9sQ5lMJ+3QySTMTIQS8hduXCji1r9x5984SYOo9cDA4Zx7mXOPF3GmtG1/WqWl5ZXVtfJ6ZWNza3unurvXUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643vc787gOVioXiTs8i6gZ4LJjPCNZGuh8EWE88P+mlw2rNrts50CJxClKDAq1h9WMwCkkcUKEJx0r1HTvSboKlZoTTtDKIFY0wmeIx7RsqcECVm+SJU3RklBHyQ2me0ChXf24kOFBqFnhmMkuo/nqZ+J/Xj7V/4SZMRLGmgsw/8mOOdIiy89GISUo0nxmCiWQmKyITLDHRpqRKXsJlhrPvkxdJ56TuNOqN29Na86qoowwHcAjH4MA5NOEGWtAGAgIe4RleLGU9Wa/W23y0ZBU7+/AL1vsX5WGRMw==</latexit>

⌦
<latexit sha1_base64="uZ3UbTuWSMDfrUnz6eEgj1Q8wd4="></latexit>

masks
<latexit sha1_base64="Dq5BSsYWHiNoxTx9KCjee5aNfgU=">AAAB7HicbVDLSsNAFL2pr1pfVZduBovgqiQqPnZFNy4r2Ae0oUymk3bozCTMTIQS+g1uXCji1g9y5984SYOo9cCFwzn3cu89QcyZNq776ZSWlldW18rrlY3Nre2d6u5eW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpP5nQeqNIvkvZnG1Bd4JFnICDZWagmsJ3pQrbl1NwdaJF5BalCgOah+9IcRSQSVhnCsdc9zY+OnWBlGOJ1V+ommMSYTPKI9SyUWVPtpfuwMHVlliMJI2ZIG5erPiRQLracisJ0Cm7H+62Xif14vMeGlnzIZJ4ZKMl8UJhyZCGWfoyFTlBg+tQQTxeytiIyxwsTYfCp5CFcZzr9fXiTtk7p3Wj+9O6s1ros4ynAAh3AMHlxAA26hCS0gwOARnuHFkc6T8+q8zVtLTjGzD7/gvH8BGB2PAg==</latexit>

e (S)
X

5 1 2
3 5 2
0 0 0
0 0 0
1 6 2

3.9 5.4 3.2

0.2

4.1 4.3 2.5

0.7

7.0 4.1 4.8

0.8

2.9 5.1 3.4

0.1

1.9 4.5 3.7

0.7

1.4 4.0 5.5
0 0 0

<latexit sha1_base64="bN6GulvYxT6VlIh0FHmo/VCpsJo=">AAACBXicbVDLSsNAFJ34rPUVdamLYBHqpiRWfOyKblxWtA9oYplMbtqhkwczE6WEbNz4K25cKOLWf3Dn35ikQdR64MLhnHu59x47ZFRIXf9UZmbn5hcWS0vl5ZXVtXV1Y7MtgogTaJGABbxrYwGM+tCSVDLohhywZzPo2KPzzO/cAhc08K/lOATLwwOfupRgmUp9dce8ow5IyhyITQ/Loe3G3SS5iatX+0lfreg1PYc2TYyCVFCBZl/9MJ2ARB74kjAsRM/QQ2nFmEtKGCRlMxIQYjLCA+il1MceCCvOv0i0vVRxNDfgaflSy9WfEzH2hBh7dtqZHSr+epn4n9eLpHtixdQPIwk+mSxyI6bJQMsi0RzKgUg2TgkmnKa3amSIOSYyDa6ch3Ca4ej75WnSPqgZ9Vr98rDSOCviKKFttIuqyEDHqIEuUBO1EEH36BE9oxflQXlSXpW3SeuMUsxsoV9Q3r8ALKmZIQ==</latexit>

<latexit sha1_base64="gYQ//MNQUAP/WDbVtXb87Na2VUI=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQNyWx4mNXdOOyon1AE8tkOmmHTjJhZiKUkIUbf8WNC0Xc+hHu/BsnaRG1Hhg4nHMPc+/xIkalsqxPo7CwuLS8Ulwtra1vbG6Z2zttyWOBSQtzxkXXQ5IwGpKWooqRbiQICjxGOt74IvM7d0RIysMbNYmIG6BhSH2KkdJS3yw7XNtZOnECpEaen3TT9DapXh+kfbNi1awccJ7YM1IBMzT75ocz4DgOSKgwQ1L2bCtSboKEopiRtOTEkkQIj9GQ9DQNUUCkm+RHpHBfKwPoc6FfqGCu/kwkKJByEnh6MltU/vUy8T+vFyv/1E1oGMWKhHj6kR8zqDjMGoEDKghWbKIJwoLqXSEeIYGw0r2V8hLOMhx/nzxP2oc1u16rXx1VGuezOoqgDPZAFdjgBDTAJWiCFsDgHjyCZ/BiPBhPxqvxNh0tGLPMLvgF4/0LefCYwA==</latexit>

X

(S)

0
0
0

1 6 2
DropNode

?

?

Lcon
<latexit sha1_base64="s7zJVITOOx8CYy5Kmltc+fdjxEU=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyo+NgV3bhwUcE+oB2GTJppQzPJkGSUMs6nuHGhiFu/xJ1/Y6YdRK0HAodz7uWenCBmVGnH+bRKC4tLyyvl1cra+sbmll3dbiuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE48vc79wRqajgt3oSEy9CQ05DipE2km9X+xHSI4xYep35KRY88+2aU3emgPPELUgNFGj69kd/IHASEa4xQ0r1XCfWXoqkppiRrNJPFIkRHqMh6RnKUUSUl06jZ3DfKAMYCmke13Cq/txIUaTUJArMZB5U/fVy8T+vl+jwzEspjxNNOJ4dChMGtYB5D3BAJcGaTQxBWFKTFeIRkghr01ZlWsJ5jpPvL8+T9mHdPaof3RzXGhdFHWWwC/bAAXDBKWiAK9AELYDBPXgEz+DFerCerFfrbTZasoqdHfAL1vsX/e2UnQ==</latexit>

Partial Labels

0.8

e (S)
Z
<latexit sha1_base64="RVCOrZ0zRmdxePczqp+/N9sT5Q4=">AAACBXicbVDLSsNAFJ3UV62vqEtdBItQNyW14mNXdOOyon1gE8tkctMOnTyYmSglZOPGX3HjQhG3/oM7/8YkDaLWAxcO59zLvfdYAaNC6vqnUpiZnZtfKC6WlpZXVtfU9Y228ENOoEV85vOuhQUw6kFLUsmgG3DArsWgY43OUr9zC1xQ37uS4wBMFw886lCCZSL11W3jjtogKbMhMlwsh5YTXcfxTVS53Iv7almv6hm0aVLLSRnlaPbVD8P2SeiCJwnDQvRqeiDNCHNJCYO4ZIQCAkxGeAC9hHrYBWFG2Rextpsotub4PClPapn6cyLCrhBj10o600PFXy8V//N6oXSOzYh6QSjBI5NFTsg06WtpJJpNORDJxgnBhNPkVo0MMcdEJsGVshBOUhx+vzxN2vvVWr1avzgoN07zOIpoC+2gCqqhI9RA56iJWoige/SIntGL8qA8Ka/K26S1oOQzm+gXlPcvL8GZIw==</latexit>

Figure 1: Illustration of G RAND with DropNode as the perturbation method. G RAND designs
random propagation (a) to generate multiple graph data augmentations (b), which are further used as
consistency regularization (c) for semi-supervised learning.
method. However, its potential effects under semi-supervised setting have not been well-studied,
which we try to explore in future work.
Regularization Methods for GNNs. Another line of work has aimed to design powerful regularization methods for GNNs, such as VBAT [9], GraphVAT [11], G3 NN [25], GraphMix [36], and
DropEdge [32]. For example, VBAT [9] and GraphVAT [11] first apply consistency regularized
training into GNNs via virtual adversarial training [28], which is highly time-consuming in practice.
GraphMix [36] introduces the MixUp strategy [43] for training GNNs. Different from G RAND,
GraphMix augments graph data by performing linear interpolation between two samples in the
hidden space, and regularizes GNNs by encouraging the model to predict the same interpolation of
corresponding labels.

3

G RAPH R ANDOM N EURAL N ETWORKS

We present the G RAPH R ANDOM N EURAL N ETWORKS (G RAND) for semi-supervised learning on
graphs, as illustrated in Figure 1. The idea is to design a propagation strategy (a) to stochastically
generate multiple graph data augmentations (b), based on which we present a consistency regularized
training (c) for improving the generalization capacity under the semi-supervised setting.
3.1

Random Propagation for Graph Data Augmentation

Given an input graph G with its adjacency matrix A and feature matrix X, the random propagation
module generates multiple data augmentations. For each augmentation X, it is then fed into the
classification model, a two-layer MLP, for predicting node labels. The MLP model can also be
replaced with more complex and advanced GNN models, such as GCN and GAT.
Random Propagation. There are two steps in random propagation. First, we generate a perturbed
e by randomly dropping out elements in X. Second, we leverage X
e to perform feature
feature matrix X
propagation for generating the augmented features X.
In doing so, each node’s features are randomly mixed with signals from its neighbors. Note that the
homophily assumption suggests that adjacent nodes tend to have similar features and labels [26]. Thus,
the dropped information of a node could be compensated by its neighbors, forming an approximate
representation for it in the corresponding augmentation. In other words, random propagation allows
us to stochastically generate multiple augmented representations for each node.
In the first step, there are different ways to perturb the input data X. Straightforwardly, we can use
the dropout strategy [34], which has been widely used for regularizing neural networks. Specifically,
dropout perturbs the feature matrix by randomly setting some elements of X to 0 during training,
e ij = ij Xij , where ij draws from Bernoulli(1 − δ). In doing so, dropout makes the input
i.e., X
1−δ
feature matrix X noisy by randomly dropping out its elements without considering graph structures.
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To account for the structural effect, we can simply remove some nodes’ entire feature vectors—
referred to as DropNode, instead of dropping out single feature elements. In other words, DropNode
enables each node to only aggregate information from a subset of its (multi-hop) neighbors by
completely ignoring some nodes’ features, which reduces its dependency on particular neighbors and
thus helps increase the model’s robustness (Cf. Section 4.5). Empirically, it generates more stochastic
data augmentations and achieves better performance than dropout (Cf. Section 4.2).
Formally, in DropNode, we first randomly sample a binary mask i ∼ Bernoulli(1 − δ) for each
e by multiplying each node’s feature vector
node vi . Second, we obtain the perturbed feature matrix X
e i = i · Xi where Xi denotes the ith row vector of X. Finally,
with its corresponding mask, i.e., X
1
e with the factor of
we scale X
1−δ to guarantee the perturbed feature matrix is in expectation equal to
X. Note that the sampling procedure is only performed during training. During inference, we directly
e as the original feature matrix X.
set X
e
In the second step of random propagation, we adopt the mixed-order propagation, i.e., X = AX,
PK
1
k
where A = k=0 K+1 Â is the average of the power series of Â from order 0 to order K. This
propagation rule enables the model to incorporate more local information, reducing the risk of
over-smoothing when compared with directly using ÂK [1, 41]. Note that calculating the dense
matrix A is computationally inefficient, thus we compute X by iteratively calculating and summing
e (0 ≤ k ≤ K − 1) in implementation.
up the product of sparse matrix Â and Âk X
With this propagation rule, we could observe that DropNode (dropping the ith row of X) is equivalent
to dropping the ith column of A. This is similar to DropEdge [32], which aims to address oversmoothing by randomly removing some edges. In practice, DropEdge could also be adopted as the
perturbation method here. Specifically, we first generate a corrupted adjacency matrix Ã by dropping
some elements from Â, and then use Ã to perform mix-order propagation as the substitute of Â at
each epoch. We empirically compare the effects of different perturbation methods in Section 4.2. By
default, we use DropNode as the perturbation method.
Prediction. After performing random propagation for S times, we generate S augmented feature
(s)
matrices {X |1 ≤ s ≤ S}. Each of these augmented data is fed into a two-layer MLP to get the
corresponding outputs:
e (s) = fmlp (X(s) , Θ),
Z
e (s) ∈ [0, 1]n×C denotes the prediction probabilities on X(s) and Θ are the model parameters.
where Z
Observing the data flow from random propagation to the prediction module, it can be realized that
e and transformation step, i.e.,
G RAND actually separates the feature propagation step, i.e., X = AX,
fmlp (XW, Θ). Note that these two steps are commonly coupled with each other in standard GNNs,
that is, σ(AXW). This separation allows us to perform the high-order feature propagation without
conducting non-linear transformations, reducing the risk of over-smoothing (Cf. Section 4.6). A
similar idea has been adopted by Klicpera et al. [21], with the difference that they first perform the
prediction for each node and then propagate the prediction probabilities over the graph.
3.2

Consistency Regularized Training

In graph based semi-supervised learning, the objective is usually to smooth the label information over
the graph with regularizations [46, 38, 20], i.e., its loss function is a combination of the supervised
loss on the labeled nodes and the graph regularization loss. Given the S data augmentations generated
in random propagation, we can naturally design a consistency regularized loss for G RAND’s semisupervised learning.
Supervised Loss. With m labeled nodes among n nodes, the supervised objective of the graph node
classification task in each epoch is defined as the average cross-entropy loss over S augmentations:
Lsup = −

S m−1
1XX >
e (s) .
Yi log Z
i
S s=1 i=0

(1)

Consistency Regularization Loss. In the semi-supervised setting, we propose to optimize the
prediction consistency among S augmentations for unlabeled data. Considering a simple case of S =
4

Algorithm 1 G RAND
Input:
Adjacency matrix Â, feature matrix X ∈ Rn×d , times of augmentations in each epoch S, DropNode/dropout
probability δ, learning rate η, an MLP model: fmlp (X, Θ).
Output:
Prediction Z.
1: while not convergence do
2:
for s = 1 : S do
e (s) ∼ DropNode(X, δ).
3:
Pertube the input: X
PK
(s)
k e (s)
1
4:
Perform propagation: X = K+1
.
k=0 Â X
(s)
e = fmlp (X(s) , Θ)
5:
Predict class distribution using MLP: Z
6:
end for
7:
Compute supervised classification loss Lsup via Eq. 1 and consistency regularization loss via Eq. 3.
8:
Update the parameters Θ by gradients descending: Θ = Θ − η∇Θ (Lsup + λLcon )
9: end while
PK
k
1
10: Output prediction Z via: Z = fmlp ( K+1
k=0 Â X, Θ).

Pn−1 e (1) e (2) 2
2, we can minimize the squared L2 distance between the two outputs, i.e., min i=0 kZ
i − Zi k2 .
To extend this idea into the multiple-augmentation situation, we first calculate the label distribution
PS e (s)
center by taking the average of all distributions, i.e., Zi = S1 s=1 Z
i . Then we utilize the
sharpening [3] trick to “guess” the labels based on the average distributions. Specifically, the ith
node’s guessed probability on the j th class is calculated by:
0

1

T
Zij = Zij

 C−1
X

1
T
, (0 ≤ j ≤ C − 1),
Zic

(2)

c=0

where 0 < T ≤ 1 acts as the “temperature” that controls the sharpness of the categorical distribution.
As T → 0, the sharpened label distribution will approach a one-hot distribution. We minimize the
0
e i and Z in G RAND:
distance between Z
i

Lcon =

S n−1
1 X X 0 e (s) 2
kZi − Zi k2 .
S s=1 i=0

(3)

Therefore, by setting T as a small value, we can enforce the model to output low-entropy predictions.
This can be viewed as adding an extra entropy minimization regularization into the model, which
assumes that the classifier’s decision boundary should not pass through high-density regions of the
marginal data distribution [16].
Training and Inference. In each epoch, we employ both the supervised classification loss in Eq. 1
and the consistency regularization loss in Eq. 3 on S augmentations. The final loss of G RAND is:
L = Lsup + λLcon ,

(4)

where λ is a hyper-parameter that controls the balance between the two losses. Algorithm 1 outlines
G RAND’s training process. During inference, as mentioned in Section 3.1, we directly use the original
e during
feature X for propagation. This is justified because we scale the perturbed feature matrix X
training to guarantee its expectation to match X. Hence the inference formula is Z = fmlp (AX, Θ).
Complexity. The complexity of random propagation is O(Kd(n + |E|)), where K denotes propagation step, d is the dimension of node feature, n is the number of nodes and |E| denotes edge count.
The complexity of its prediction module (two-layer MLP) is O(ndh (d + C)), where dh denotes its
hidden size and C is the number of classes. By applying consistency regularized training, the total
computational complexity of G RAND is O(S(Kd(n + |E|) + ndh (d + C))), which is linear with
the sum of node and edge counts.
Limitations. G RAND is based on the homophily assumption [26], i.e., “birds of a feather flock
together”, a basic assumption in the literature of graph-based semi-supervised learning [46]. Due to
that, however, G RAND may not succeed on graphs with less homophily.
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3.3

Theoretical Analysis

We theoretically discuss the regularization effects brought by random propagation and consistency
regularization in G RAND. For analytical simplicity, we assume that the MLP used in G RAND has
e · W),
e = sigmoid(AX
one single output layer, and the task is binary classification. Thus we have Z
d
th
where W ∈ R is the learnable parameter vector. For the i node, the corresponding conditional
e and yi ∈ {0, 1} denotes the corresponding label.
distribution is z̃iyi (1 − z̃i )1−yi , in which z̃i ∈ Z
As for the consistency regularization loss, we consider the simple case of generating S = 2 augmen2
Pn−1  (1)
(2)
(1)
(2)
tations. Then the loss Lcon = 12 i=0 z̃i − z̃i
, where z̃i and z̃i represent the model’s
two outputs on node i corresponding to the two augmentations, respectively.
With these assumptions, we have the following theorem with proofs in Appendix B.1.
Theorem 1. In expectation, optimizing the unsupervised consistency loss Lconis approximate
to

Pn−1 2
c
2
e
optimize a regularization term: E (Lcon ) ≈ R (W) = i=0 zi (1 − zi ) Var Ai X · W .
DropNode Regularization. With DropNode as the perturbation method, we can easily check that
Pn−1
δ
2
2
j=0 (Xj · W) (Aij ) , where δ is drop rate. Then the corresponding
1−δ
c
regularization term RDN can be expressed as:

e · W) =
Var (Ai X

RcDN (W) =

#
"
n−1
n−1
X
δ X
(Aij )2 zi2 (1 − zi )2 .
(Xj · W)2
1 − δ j=0
i=0

(5)

Note that zi (1 − zi ) (or its square) is an indicator of the classification uncertainty for the ith node,
as zi (1 − zi ) (or its square) reaches its maximum at zi = 0.5 and minimum at zi = 0 or 1. Thus
Pm−1
2 2
2
i=0 (Aij ) zi (1 − zi ) can be viewed as the weighted average classification uncertainty over
th
the j node’s multi-hop neighborhoods with the weights as the square values of A’s elements,
which is related to graph structure. On the other hand, (Xj · W)2 —as the square of the input of
sigmoid—indicates the classification confidence for the j th node. In optimization, in order for a node
to earn a higher classification confidence (Xj · W)2 , it is required that the node’s neighborhoods
have lower classification uncertainty scores. Hence, the random propagation with the consistency
regularization loss can enforce the consistency of the classification confidence between each node
and its multi-hop neighborhoods.
e · W) =
Dropout Regularization. With X perturbed by dropout, the variance term Var (Ai X
Pn−1 Pd−1 2
δ
2
2
c
j=0
k=0 Xjk Wk (Aij ) . The corresponding regularization term RDo is
1−δ
RcDo (W)

"
#
n−1
d−1
n−1
X 2
δ X 2X
2
2
2
=
zi (1 − zi ) (Aij ) .
Xjh
Wh
1−δ
i=0
j=0

(6)

h=0

Similar to DropNode, this extra regularization term also includes the classification uncertainty
zi (1−zi ) of neighborhoods. However, we can observe that different from the DropNode regularization,
dropout is actually an adaptive L2 regularization for W, where the regularization coefficient is
associated with unlabeled data, classification uncertainty, and the graph structure.
Previous work [37] has also drawn similar conclusions for the case of applying dropout in generalized
linear models.
By applying the Cauchy-Schwarz Inequality, we have RcDo ≥ RcDN [Erratum at Sep 20, 2021: This
statement was falsely claimed and thus should be ignored]. That is to say, dropout’s regularization
term is the upper bound of DropNode’s. By minimizing this term, dropout can be regarded as an
approximation of DropNode.
Random propagation w.r.t supervised classification loss. We also discuss the regularization effect
of random propagation with respect to the supervised classification loss.
Pm−1
With the previous assumptions, the supervised classification loss is: Lsup = i=0 −yi log(z̃i ) −
(1 − yi ) log(1 − z̃i ). Note that Lsup refers to the perturbed classification loss with DropNode
on the node features. By contrast, the original (non-perturbed) classification loss is defined as:
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Pm−1
Lorg = i=0 −yi log(zi ) − (1 − yi ) log(1 − zi ), where zi = sigmoid(Ai X · W) is the output
with the original feature matrix X. Then we have the following theorem with proof in Appendix B.2.
Theorem 2. In expectation, optimizing the perturbed classification loss Lsup is equivalent to
optimize the original loss Lorg with an extra regularization term R(W), which
 has a quadratic
Pm−1
e ·W .
approximation form R(W) ≈ Rq (W) = 12 i=0 zi (1 − zi )Var Ai X
This theorem suggests that DropNode brings an extra regularization loss to the optimization objective.
Expanding the variance term, this extra quadratic regularization loss can be expressed as:
RqDN (W)

#
"
n−1
m−1
X
1 δ X
2
2
(Aij ) zi (1 − zi ) .
=
(Xj · W)
2 1 − δ j=0
i=0

(7)

Different from RcDN in Eq. 5, the inside summation term in Eq. 7 only incorporates the first m nodes,
i.e, the labeled nodes.

4
4.1

Experiments
Experimental Setup

We follow exactly the same experimental procedure—such as features and data splits—as the standard
GNN settings on semi-supervised graph learning [42, 20, 35]. The setup and reproducibility details
are covered in Appendix A.
Datasets. We conduct experiments on three benchmark graphs [42, 20, 35]—Cora, Citeseer, and
Pubmed—and also report results on six publicly available and large datasets in Appendix C.1.
Baselines. By default, we use DropNode as the perturbation method in G RAND and compare it with
14 GNN baselines representative of three different categories, as well as its variants:
• Eight graph convolutions: GCN [20], GAT [35], APPNP [21], Graph U-Net [12], SGC [39],
MixHop [1], GMNN [31] and GrpahNAS [13].
• Two sampling based GNNs: GraphSAGE [17] and FastGCN [7].
• Four regularization based GNNs: VBAT [9], G3 NN [25], GraphMix [36] and Dropedge [32]. We
report the results of these methods with GCN as the backbone model.
• Four G RAND variants: G RAND_dropout, G RAND_DropEdge, G RAND_GCN and G RAND_GAT.
In G RAND_dropout and G RAND_DropEdge, we use dropout and DropEdge as the perturbation
method respectively, instead of DropNode. In G RAND_GCN and G RAND_GAT, we replace MLP
with more complex models, i.e., GCN and GAT, respectively.
4.2

Overall Results

Table 1 summarizes the prediction accuracies of node classification. Following the community
convention [20, 35, 31], the results of baselines are taken from the original works [20, 35, 12, 1, 13, 9,
25, 36, 32, 21]. The results of G RAND are averaged over 100 runs with random weight initializations.
From the top part of Table 1, we can observe that G RAND consistently achieves large-margin
outperformance over all baselines across all datasets. Note that the improvements of G RAND over
other baselines are all statistically significant (p-value  0.01 by a t-test). Specifically, G RAND
improves upon GCN by a margin of 3.9%, 5.1%, and 3.7% (absolute differences) on Cora, Citeseer,
and Pubmed, while the margins improved by GAT upon GCN were 1.5%, 2.2%, and 0%, respectively.
When compared to the very recent regularization based model—DropEdge, the proposed model
achieves 2.6%, 3.1%, and 3.1% improvements, while DropEdge’s improvements over GCN were only
1.3%, 2.0%, and 0.6%, respectively. To better examine the effectiveness of G RAND in semi-supervised
setting, we further evaluate G RAND under different label rates in Appendix C.6.
We observe G RAND_dropout and G RAND_DropEdge also outperform most of baselines, though still
lower than G RAND. This indicates DropNode is the best way to generate graph data augmentations
in random propagation. Detailed experiments to compare DropNode and dropout under different
propagation steps K are shown in Appendix C.4.
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We interpret the performance of G RAND_GAT, G RAND_GCN from two perspectives. First, both
G RAND_GAT and G RAND_GCN outperform the original GCN and GAT models, demonstrating the
positive effects of the proposed random propagation and consistency regularized training methods.
Second, both of them are inferior to G RAND with the simple MLP model, suggesting GCN and GAT
are relatively easier to over-smooth than MLP. More analyses can be found in Appendix C.5.
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Table 1: Overall classification accuracy (%).
4.3

Figure 2: Generalization on Cora (x: epoch).

Ablation Study

We conduct an ablation study to examine the contributions of different components in G RAND.
• Without consistency regularization (CR): We only use the supervised classification loss, i.e., λ = 0.
• Without multiple DropNode (mDN): Do DropNode once at each epoch, i.e., S = 1, meaning that CR only
enforces the model to give low-entropy predictions for unlabeled nodes.
• Without sharpening: The sharpening trick in Eq. 2 is not used in getting the distribution center, i.e., T = 1.
• Without CR and DropNode (CR & DN): Remove DropNode (as a result, the CR loss is also removed), i.e.,
δ = 0, λ = 0. In this way, G RAND becomes the combination of deterministic propagation and MLP.

In Table 1, the bottom part summarizes the results of the ablation study, from which we have two
observations. First, all G RAND variants with some components removed witness clear performance
drops when comparing to the full model, suggesting that each of the designed components contributes
to the success of G RAND. Second, G RAND without consistency regularization outperforms almost
all eight non-regularization based GCNs and DropEdge in all three datasets, demonstrating the
significance of the proposed random propagation technique for semi-supervised graph learning.
4.4

Generalization Analysis

We examine how the proposed techniques—random propagation and consistency regularization—
improve the model’s generalization capacity. To achieve this, we analyze the model’s cross-entropy
losses on both training and validation sets on Cora. A small gap between the two losses indicates a
model with good generalization. Figure 2 reports the results for G RAND and its two variants. We can
observe the significant gap between the validation and training losses when without both consistency
regularization (CR) and random propagation (RP), indicating an obvious overfitting issue. When
applying only the random propagation (without CR), the gap becomes much smaller. Finally, when
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further adding the CR loss to make it the full G RAND model, the validation loss becomes much
closer to the training loss and both of them are also more stable. This observation demonstrates
both the random propagation and consistency regularization can significantly improve G RAND’s
generalization capability.
4.5

Robustness Analysis

We study the robustness of G RAND by generating perturbed graphs with two adversarial attack methods: Random Attack perturbs the graph structure by randomly adding fake edges, and Metattack [49]
attacks the graph by removing or adding edges based on meta learning.
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Figure 3: Robustness Analysis on Cora.
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Figure 3 presents the classification accuracies of different methods with respect to different perturbation rates on the Cora dataset. We observe that G RAND consistently outperforms GCN and GAT
across all perturbation rates on both attacks. When adding 10% new random edges into Cora, we
observe only a 7% drop in classification accuracy for G RAND, while 12% for GCN and 37% for
GAT. Under Metattack, the gap between G RAND and GCN/GAT also enlarges with the increase of
the perturbation rate. This study suggests the robustness advantage of the G RAND model (with or
without) consistency regularization over GCN and GAT.
0.8
0.7
0.6
0.5
0.4
0.3
0.2

GCN
GAT
Grand
Grand(w/o CR)

1 2 3 4 5 6 7 8 9 10
Propagation Step

(b) Classification Result

Figure 4: Over-Smoothing on Cora

Over-Smoothing Analysis

Many GNNs face the over-smoothing issue—nodes with different labels become indistinguishable—
when enlarging the feature propagation steps [23, 6]. We study how vulnerable G RAND is to this
issue by using MADGap [6], a measure of the over-smoothness of node representations. A smaller
MADGap value indicates the more indistinguishable node representations and thus a more severe
over-smoothing issue.
Figure 4 shows both the MADGap values of the last layer’s representations and classification results
w.r.t. different propagation steps. In G RAND, the propagation step is controlled by the hyperparameter
K, while for GCN and GAT, it is adjusted by stacking different hidden layers. The plots suggest that
as the propagation step increases, both metrics of GCN and GAT decrease dramatically—MADGap
drops from ∼0.5 to 0 and accuracy drops from 0.75 to 0.2—due to the over-smoothing issue. However,
G RAND behaves completely different, i.e., both the performance and MADGap benefit from more
propagation steps. This indicates that G RAND is much more powerful to relieve over-smoothing,
when existing representative GNNs are very vulnerable to it.
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Conclusions

In this work, we study the problem of semi-supervised learning on graphs and present the G RAPH
R ANDOM N EURAL N ETWORKS (G RAND). In G RAND, we propose the random propagation strategy
to stochastically generate multiple graph data augmentations, based on which we utilize consistency
regularization to improve the model’s generalization on unlabeled data. We demonstrate its consistent
performance superiority over fourteen state-of-the-art GNN baselines on benchmark datasets. In
addition, we theoretically illustrate its properties and empirically demonstrate its advantages over
conventional GNNs in terms of robustness and resistance to over-smoothing. To conclude, the
simple and effective ideas presented in G RAND may generate a different perspective in GNN design,
in particular for semi-supervised graph learning. In future work, we aim to further improve the
scalability of G RAND with some sampling methods.
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Broader Impact
Over the past years, GNNs have been extensively studied and widely used for semi-supervised graph
learning, with the majority of efforts devoted to designing advanced and complex GNN architectures.
Instead of heading towards that direction, our work focuses on an alternative perspective by examining
whether and how simple and traditional machine learning (ML) techniques can help overcome
the common issues that most GNNs faced, including over-smoothing, non-robustness, and weak
generalization.
Instead of the nonlinear feature transformations and advanced neural techniques (e.g., attention), the
presented G RAND model is built upon dropout (and its simple variant), linear feature propagation,
and consistency regularization—the common ML techniques. Its consistent and significant outperformance over 14 state-of-the-art GNN baselines demonstrates the effectiveness of our alternative
direction. In addition, our results also echo the recent discovery in SGC [39] to better understand
the source of GCNs’ expressive power. More importantly, these simple ML techniques in G RAND
empower it to be more robust, better avoid over-smoothing, and offer stronger generalization than
GNNs.
In light of these advantages, we argue that the ideas in G RAND offer a different perspective in
understanding and advancing GNN based semi-supervised learning. For future research in GNNs,
in addition to designing complex architectures, we could also invest in simple and traditional graph
techniques under the regularization framework which has been widely used in (traditional) semisupervised learning.

References
[1] Sami Abu-El-Haija, Bryan Perozzi, Amol Kapoor, Hrayr Harutyunyan, Nazanin Alipourfard,
Kristina Lerman, Greg Ver Steeg, and Aram Galstyan. Mixhop: Higher-order graph convolution
architectures via sparsified neighborhood mixing. ICML’19, 2019.
[2] Mikhail Belkin, Partha Niyogi, and Vikas Sindhwani. Manifold regularization: A geometric
framework for learning from labeled and unlabeled examples. Journal of machine learning
research, 7(Nov):2399–2434, 2006.
[3] David Berthelot, Nicholas Carlini, Ian Goodfellow, Nicolas Papernot, Avital Oliver, and Colin
Raffel. Mixmatch: A holistic approach to semi-supervised learning. NeurIPS’19, 2019.
[4] Joan Bruna, Wojciech Zaremba, Arthur Szlam, and Yann LeCun. Spectral networks and locally
connected networks on graphs. arXiv:1312.6203, 2013.
[5] Olivier Chapelle, Bernhard Scholkopf, and Alexander Zien. Semi-supervised learning. IEEE
Transactions on Neural Networks, 2009.
[6] Deli Chen, Yankai Lin, Wei Li, Peng Li, Jie Zhou, and Xu Sun. Measuring and relieving the
over-smoothing problem for graph neural networks from the topological view. In AAAI’20,
2020.
[7] Jie Chen, Tengfei Ma, and Cao Xiao. Fastgcn: fast learning with graph convolutional networks
via importance sampling. arXiv:1801.10247, 2018.
[8] Michaël Defferrard, Xavier Bresson, and Pierre Vandergheynst. Convolutional neural networks
on graphs with fast localized spectral filtering. In NeurIPS’16, 2016.
[9] Zhijie Deng, Yinpeng Dong, and Jun Zhu. Batch virtual adversarial training for graph convolutional networks. arXiv preprint arXiv:1902.09192, 2019.
[10] Ming Ding, Jie Tang, and Jie Zhang. Semi-supervised learning on graphs with generative
adversarial nets. In CIKM’18, 2018.
[11] Fuli Feng, Xiangnan He, Jie Tang, and Tat-Seng Chua. Graph adversarial training: Dynamically
regularizing based on graph structure. IEEE Transactions on Knowledge and Data Engineering,
2019.
10

[12] Hongyang Gao and Shuiwang Ji. Graph u-nets. ICML’19, 2019.
[13] Yang Gao, Hong Yang, Peng Zhang, Chuan Zhou, and Yue Hu. Graphnas: Graph neural
architecture search with reinforcement learning. arXiv preprint arXiv:1904.09981, 2019.
[14] Justin Gilmer, Samuel S Schoenholz, Patrick F Riley, Oriol Vinyals, and George E Dahl. Neural
message passing for quantum chemistry. arXiv:1704.01212, 2017.
[15] Marco Gori, Gabriele Monfardini, and Franco Scarselli. A new model for learning in graph
domains. In IJCNN’05, 2005.
[16] Yves Grandvalet and Yoshua Bengio. Semi-supervised learning by entropy minimization. In
NeurIPS’05, 2005.
[17] Will Hamilton, Zhitao Ying, and Jure Leskovec. Inductive representation learning on large
graphs. In NeurIPS’17, pages 1025–1035, 2017.
[18] Mikael Henaff, Joan Bruna, and Yann LeCun. Deep convolutional networks on graph-structured
data. arXiv:1506.05163, 2015.
[19] Wenbing Huang, Tong Zhang, Yu Rong, and Junzhou Huang. Adaptive sampling towards fast
graph representation learning. In NeurIPS’18, 2018.
[20] Thomas N Kipf and Max Welling. Semi-supervised classification with graph convolutional
networks. arXiv:1609.02907, 2016.
[21] Johannes Klicpera, Aleksandar Bojchevski, and Stephan Günnemann. Predict then propagate:
Graph neural networks meet personalized pagerank. arXiv preprint arXiv:1810.05997, 2018.
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