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Abstract

Graph Convolutional Networks (GCNs) are a subcategory of neural networks that can take a graph as input. They
have been solicited lately due to their success and the ubiquity of data that can be represented as graphs. However,
handling large graphs has been one of the main challenges for GCNs, along with the oversmoothing problem that can
be caused by the depth or the large receptive field of GCNs. A lot of work has been done to address this problem
with different approaches. A promising one is the consideration of the minibatch training paradigm and extending
it to graph structured data by extracting subgraphs to be used as batches. Unlike the entries of a dataset of images
that are independent from one another, the essence of a graph is its topology structure, hence the dependency between
its nodes. Thus, the strategy of selecting subgraphs to form minibatches is a difficult task with a huge impact on the
results of the training process. In this work, we propose a general framework for generating minibatches in an effective
way that ensures a minimum loss in node interdependence information, preserves the original graph properties, and
diversifies the samples for the GCN to better generalize afterwards. We test our training process on real world datasets
with several well known GCN models and show the results improvement compared to existing methods. The source
code and data are publicly available at https://gitlab.liris.cnrs.fr/hseba/sffs-gen.

1 Introduction

Graph representation learning (GRL) has recently known a tremendous success, especially with the emergence of
graph neural networks. The aim of GRL is to embed the graph or its components, mainly nodes, into a continuous
vectorial representation that can be used to represent the graph more efficiently and effectively in a machine learning
setting. Graphs (or networks) are a general abstraction model that can be used to represent a wide range of real
world data involving interacting objects. With the availability of large graph datasets and the growing use of their
applications, such as protein interface prediction [1] and network traffic forecasting [2], involving machine learning
(deep learning specifically) in graph based tasks became an urgent issue. To do so, the scientific community tried to
exploit and extend various existing mechanisms to the graph domain. In [3, 4], the authors exploit random walks to
extend the Skipgram [5] model, used in natural language processing, to graphs. Prior works such as the one described
in [6, 7] proposed neural networks designed to operate directly on graphs. The work of [7] can be considered as an
extension of recurrent neural networks for example. These works were the start of a series of neural network models
known as Graph Neural Networks (GNNs).

Driven by the success of convolutional neural networks (CNNs) mainly in image and natural language process-
ing, the authors of [8] combine spectral graph theory and signal processing to define a graph convolutional network
(GCN). Many works followed [9, 10, 11, 12, 13, 14], all of them are usually united under the gather-aggregate-update
framework [15] to learn representations for nodes. In this framework, the initial representation h,, of a node v is its set
of features, then on each layer of the GCN, the representations of v’s neighbors are gathered, aggregated, and finally
used to update h, and pass it to the next layer. This process can be perceived as if adjacent nodes pass their current
representations to a target node to use them in updating its own representation and is usually called message passing.

This learning procedure causes two main limitations on GCNs:

* Only small datasets could be apprehended by such models, and

* These deep learning models can’t go so deep in practice. In fact, the model’s performance starts decreasing
beyond two-layer depth.

These limitations are explained by the fact that the receptive field per node, for its final representation to be computed,
increases exponentially as the model goes deeper. Besides, iteratively aggregating node representations causes their
particularities to fade out especially when the average operation is used as an aggregator. This phenomenon is known



as oversmoothing where most nodes are implicated in learning each other’s representation and, as a result, they become
so similar to one another that it is no longer possible for a classifier to accurately assign classes.

To solve this issue, many works have been proposed to alleviate the node dependency problem that prevents GCNs
from being trained on a budget of nodes independently from the graph size. The main approaches rely on sampling
methods [16, 17, 18] that select a subset of nodes for each training step. The idea is to implement a process similar to
the minibatch training paradigm with graph data. In this paradigm, the dataset is divided into several batches. Then,
the learning model is fed these batches successively. The model accumulates the learning going through them while
avoiding being overwhelmed by the size of the full dataset. However, unlike the entries of a dataset such as images
that are independent from one another, the essence of a graph is its topology structure, hence the dependency between
its nodes. So, selecting nodes and connections per batch is not an easy task, thus the sampling strategy is of a big
influence on the performance of a GCN.

The aim of this paper is to deal with the above issue through a new sampling framework for alleviating GCN
training. We propose SFFS-GCN, a subgraph sampling method for GCN training and show its effectiveness through
several experiments.

Our key contributions are as follows:

* We propose an effective sampling method to sample subgraphs preserving the original graph properties. This
method is based on the forest fire graph model proposed in [19] to model evolving graphs. Our sampling method
keeps a level of connectivity that allows to bypass node dependencies, and is diverse enough for the GCN to be
able to generalize the learning.

* We show that our framework is a generalization for a number of existing sampling strategies.

¢ We also show that it can be used with several well-known GCN models and that these models scale better and
improve their performance when used with our framework.

The remainder of the paper is organized as follows: Section 2 defines the problem of sampling for GCN training
and discusses related work. Section 3 introduces the proposed framework, and Section 4 describes its evaluation
experiments and discusses the results. Section 5 concludes the paper.

2 Problem Definition and Background

Let G = (V, E, Xv, Xg) be an attributed graph where V is a set of n nodes (n = |V|,and E C V x V is a set of
m edges (m = |E|). Xv € R™V resp. Xp € R™*FF is a matrix containing node features, respectively edge
features. We suppose that each node has Fy features and each edge has Fi features. Let A be the adjacency matrix
of G. A is a symmetric matrix of size n? such that ai; = aj; = 1 if nodes v; and v; are neighbors in G, i.e., there is
an edge that connects the two nodes. The set of all neighbors of v; in G is denoted N (7).

We denote by D, the diagonal matrix that stores the node degrees, i.e., (di; = degree(v;)).

On a GCN, a layer is characterized by a learnable weight matrix W and an activation function o. The representa-
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tion of a node v; at a layer [ is noted hgl). This representation generally depends on the representations h
neighbors N (i) = {v;|(vj,v:) € E}.

GCNs were first proposed to be trained on the whole graph. This is called full-batch training. The representation
of the nodes are generally initialized with the nodes features, i.e., hl(-o) = Xy (). Afterwards, they are updated from
layer to layer. The final representations are used to perform the targeted downstream task e.g. node classification. A
loss is calculated based on the performance observed on the set of nodes used for training. Then, backpropagation is
used to update the weights based on the stochastic gradient descent (SGD) algorithm. In the reference paper of GCN
models [8], the authors apply the following update function:

l l =L -1
W =olw® ST (didyy) 7 R
v; EN(i)U{v; } (€Y
h® = Xv (i)
Where o is the ReLU activation function This update procedure is the root of the memory bottleneck problem of
GCN:s. In fact, for larger graphs, the memory complexity of this operation becomes too high to be affordable. And

even for small graphs, only shallow GCNs can be defined using this update function.
We can summarize the limitations of this full batch training process using this update function as follows:

1. The recursive nature of the update function leads to an exponentially larger memory space at each step,
2. The large size of the gathered loss over a whole epoch slows the convergence speed of SGD,

3. Node finale representations tend to be close to one another because of the spread over each recursive step, i.e.,
it is an oversmoothing problem.



To deal with these limitations, existing approaches rely mainly on sampling techniques that aim to decrease the
number of nodes that the update function considers at each iteration.

Any sampling method requires dropping either nodes, edges, or both of them. The challenge is then to appropri-
ately construct the batches so that a minimum amount of information is lost and that the overall learning comes as
close as possible to learning on the full-batch graph. In order to minimize the information loss due to breaking the
nodes dependency, a sampling method should satisfy the following properties:

* All the nodes should have the same sampling probability : the union of minibatches needs to cover the whole
graph, and the overall nodes apparitions in the minibatches has to be as balanced as possible,

* Randomness : feeding the model different graph snapshots leads to better generalization capabilities afterwards.
The sampling method should provide different subgraphs even when the starting seed set is the same,

e Connectivity : GCN performance is strongly related to node dependencies. This dependency is expressed
by the connections and thus the graph connectivity. Needless to say that a GCN would perform poorly on a
disconnected graph. The sampling method should then yield subgraphs suitable for a GCN to be run on,

¢ The minibatches should reflect the full batch graph properties such as degree distribution, density and commu-
nity structures.

The main sampling approaches proposed in the literature to alleviate GCN training can be classified within the
following categories:

1. Sampling at a node level: In order to moderate the memory complexity of GCNs training, the authors of
[12, 20] propose to limit the neighborhood gathering budget for the message passing operation. In other words,
they perform a node sampling prior to message passing. Graphsage [12] selects only k neighbors for each node
and each layer training and uses them to update the representation of the node via message passing. Although
the selection strategy varies from one work to another, all these methods share the burden of time complexity
for the individual sampling operation. And thus, fail to properly scale to large datasets.

2. Sampling at a layer level: The authors in [11, 21, 22] propose to perform a layer conditioned selection of
neighbors on one sampling step. Sampling at a layer level allows the neighborhood selection to be most relevant
to the layer for which it is done. For instance, FastGCN [11] proposes the concept of importance sampling
and in [21, 22], the authors perform a conditional sampling so that only the nodes needed on lower layers are
sampled on topper ones. These methods limit the neighborhood exponential expansion, reduce the sampling
time as well as the noise propagation that causes oversmoothing. Yet, they fail to resolve the nodes dependency
and the sampling overload becomes unacceptable for very large graphs.

3. Sampling at a graph level: Authors in [23] argue that sampling on a graph level can be used to improve both the
accuracy and the efficiency of GCNs. For a set of target nodes, they sample a shallow local subgraph based on a
personalized PageRank function and run the GCN on it. In [16, 17, 18], the authors tried to generalize this model
by extending the minibatch training paradigm to graphs by sampling subgraphs and using them as minibatches.
GraphSaint [17] achieves this by applying several sampling strategies: random node sampling, random edge
sampling and random walk sampling. Then the minibatch would be the subgraph induced by the visited nodes
selected by the sampling strategy. Cluster-GCN [16] partitions the graph based on a clustering algorithm. And
then, partitions are randomly fused to form minibatches. These methods introduce a new challenge: how to
navigate node dependencies and select subgraphs while losing a minimum amount of information ?

In the next section, we introduce a new subgraph sampling method that focuses on preserving node dependencies
to provide subgraphs exhibiting very similar properties to the ones observed on the full input graph.

3 SFFS-GCN: Subgraph Forest Fire Sampling for GCN Training

3.1 Principle

In this section, we introduce SFFS-GCN, an effective sampling method for GCN training. SFFS-GCN provides
subgraphs, i.e., minibatches, exhibiting very similar properties to the ones observed on the full original graph. SFFS-
GCN is a sampling method inspired from a graph generation model called Fire Forest graph model and introduced
in [19] to model evolving real-world networks. The fire forest graph model is a randomized process that mimics
real-world graph evolution over time. This model preserves the properties of real-world graphs such as density,
communities, distances, and degree distribution. This was verified by simulation in [19]. In this process, a graph is
generated by successively adding nodes. Each time a new node v is added to the graph, it is first linked with an edge
to an existing node w chosen at random. Then the process picks randomly = neighbors of w, where x is a random
number that is binomially distributed with mean (1 — p) ", and links v to these - nodes. This process is then repeated
recursively on the x picked nodes until there are no other nodes to visit. To ensure this process does not cycle, already
visited nodes are not revisited. We say that the link to visited nodes are burned which gives a forest fire spread like
process. This graph model needs only one parameter p which is called the burning probability.



We use a similar process to sample subgraphs from a graph by spreading a fire as detailed in Algorithm 1. Our
sampling starts by randomly selecting a set of s node seeds from the original graph and put them in a queue in order to
spread a fire starting from each one of them (cf. line 2,3). The unvisited set helps us not to visit the same node twice.
That’s why the seeds are removed from Vi, visiteqd and put in the queue.

One by one, we take out a target node from the queue (cf. line 8). We locate the unvisited nodes among its
neighbors (cf. line 9) and spread a fire through a sampled percentage of them. To do that, we sample a value from a
triangular distribution over the interval [0, 1.0] and use the burning probability p to bias the percentage towards one
interval’s ends (cf. line 10). This percentage is then used to determine the number x of unvisited neighbors to be
selected (cf. line 11,12). The target node is considered sampled and the burnt or selected neighbors are to be targeted
next (cf. line 13). Since there is no need to consider the burnt nodes during the neighbors selection step, we remove
them from the unvisited set (cf. line 14). We keep going through the nodes in the queue until the size of V'’ reaches S
our defined sampling budget (cf. line 4). If the queue is empty before the condition is reached, we randomly extract an
unvisited node to restart the fire from it (cf. line 6). The minibatch is then the induced subgraph G’ using the sampled
nodes in V' (cf. line 16). G' = (V', E', Xy, X ) where E' = {(vi,v;) € V' x V'|(vi,v;) € E}.

Algorithm 1 Subgraph Forest Fire Sampler (SFFS-GCN)

Input: graph G = (V, E); p the burning probability; s the number of seeds; .S the size of the sampled subgraph.
Output: A subgraph G’ = (V/, E') such that |[V'| = S.

Vinwisited < V, V! + &, E' + & Vieeas — random_extractVynvisited, S) queue — queue U Vieeqs
(|V']) < S |queue| =0 queue < queueUrandom_extract(Vynvisited, 1) Vtarget < random_extract(queue, 1)
neighborhood < get_unvisited_neighbors(viarget) percentage <— triangular(0,p,1) x < percentage *
|neighborhood| V,, < random_select(neighborhood,z) V' <« V' U {Viarget}. queue < queue U V,
Vunvisited <~ Vunm’sitad \ Vz G/ — induced**SUbgraph(Ga V/)

We can easily see that our sampling procedure becomes equivalent to:
¢ A random node sampling when the burning probability is too small,
* A breath first sampling (BFS) if the burning probability is too high,

* A snowball sampling, if we fix the number of selected neighbors to an integer £ > 2 instead of sampling it from
a probabilistic distribution, and

¢ A random walk sampling if this number is equal to 1, i.e., k = 1.
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Figure 1: Mlustration of SFFS-CGN. We consider sampling a seven nodes subgraph. All strategies begin by selecting
a target or a seed node. The selection is usually randomly done. (a) is a random walk based strategy where a random
walk is performed starting from the seed node. Depending on the graph structure, the walk can be trapped, visit only
close neighbors, or get lost far from the starting point. In (b) and (c), the sampling expands in successive hops following
neighbor connections (blue circle is 1-hop, purple circle is 2-hop, and red circle is 3-hop). In (b), a snowball strategy
is adopted with the number of neighbors to be selected fixed to two neighbors. With a budget of seven nodes, the
exploration is very restricted and stops at the second circle. While in (c) corresponds to SFFS-CGN sampling. The
flexibility of the number of selected neighbors at each step allows to visit nodes both locally and in depth. Besides, the
connectivity of the induced subgraph is better than the one we get by random walk sampling.

Random node sampling gives the same probability for nodes to be sampled, but it jeopardizes the subgraph connec-
tivity. BFS gives highly connected subgraphs, but the sampling is biased towards high degree nodes and the diversity
of the sampled subgraphs is quite poor since the selected nodes become similar when the starting seed set and the
desired number of nodes is fixed. Snowball and random walk sampling demonstrate better results when it comes to
randomness and connectivity. But the sampling is biased and if we refer to the study realized in [19], these sampling



methods do not do well preserving the graph properties. Figure 1 illustrates how SFFS-GCN sampling behaves when
compared to these baseline sampling methods.

3.2 Normalization

A sampling based on the graph structure is the best choice to have well connected subgraphs. However, it is prone to
biasing as some nodes will be selected more often than others due to degree distribution. This bias negatively impacts
the learning process as much as a biased classification dataset would do. One way to reduce this bias, is to study
the sampling distribution and use the formalized probabilities to normalize the message passing and consequently
moderate each node’s participation. Authors in [17] argue that o; ; = % is a good normalization factor where
Di,j = Pj,i is the probability of an edge (v;, v;) € E being sampled in a subgraph, and p; is the probability of a node
v; € V being sampled. This normalization factor is used in the message passing step as follows:

h =ow® > pp‘i‘ (dwdjj)%lh;l_l)]
v EN(H)U{v;} + "
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The values p; ;andp; can also be retrieved statistically with a nodes and edges count over a series of samples
following the sampling strategy for which we want to find p;; and p; values. In other words, we run our sampling
strategy k times obtaining k subgraphs on which we count nodes and edges occurrences. The obtained values are used
to estimate «;, ;. For more details, we refer the reader to the work done in Graphsaint [17]. This option may seem as
a preprocessing overhead. However, in our case, the k subgraphs will be re-used in the training process.

3.3 SFFS-GCN Training Process

SFFS-GCN as a sampling framework can be used to enhance any GCN model. In order to integrate it in the learn-
ing process, we follow the steps described in algorithm 2. We use our sampler to generate a set of subgraphes or
minibatches. This set is used to perform the needed statistics in order to compute the normalization parameters. And
then, for each training epoch, we iterate through the minibatches, calculate the loss. The loss is used by the Stochastic
gradient descent algorithm to backpropagate and update the learnable weights of the GCN.

Algorithm 2 GCN SFFS training

Input:

- A GCN model gen to train;

-graph G = (V,E, Xv, Xp);

- parameters p, s, and S for SFFS-GCN;

- B number of minibatches;

- e number of training epochs;

Output: trained gcn
run FFS-GCN on G to sample & subgraphs in order to compute the normalization factors epoch € [1, €] batch €
[1, B] Run gen on G7, one of the sampled subgraphs Compute the loss [ Normalize | backpropagate

4 Experiments

To show the effectiveness and efficiency of SFFS-GCN sampling framework, we conducted extensive experiments
on real-world datasets. In this section, we first describe the datasets we use in our experiments, and then present the
experimental settings. Finally, we discuss the obtained results.

4.1 Datasets

We test our subgraph forest fire sampling framework on 5 real-world datasets summarized in Table 1. The datasets
vary from citation to social network, and from small to large graphs. Cora, CiteSeer, and PubMed are citation datasets.
Flickr is built upon users’ interaction via photo sharing on an image and video hosting website. Reddit is a collection
of data that describes the relationships between users, posts, and communities on the website Reddit.

4.2 Experiment Settings

To show the effectiveness of our sampling framework in enhancing the GCN training, we use it in conjunction with the
following two well known models that normally use the whole graph during training: GCN [8] described in the related
work in Section 2 and GAT [9] which is an attention-based graph neural network usually used for node classification.



Table 1: Datasets
Cora Citeseer Pubmed  Flickr Reddit

# Nodes 2708 3327 19717 89250 232965
# Edges 5429 4732 44338 899756 11606919
# Features 1433 3703 500 500 602

# classes 7 6 3 7 41

Table 2: Test accuracy results on all datasets
Cora Citeseer Pubmed  Flickr Reddit

GraphSAGE 76.11%  66.92% 76.33 46.13%  93.27%
Cluster-GCN 69.17% 63.51% 80.56% 47.44% 95.07%
GCN 80.92% 71.23% 78.60% 46.55%  92.68%

SFFS-GCNproy  76.56%  69.93% 74.27% 46.45%  85.66%
SFFS-GCNyign  7935% 70.66%  7823% 47.09% 83.74%
SFFS-GCN 81.25% 73.98% 80.22% 46.97% 93.86%

GAT 82.94% 72.56% 78.78% * *

SFFS-GAT 1,on 7831% 68.24% 75.11% 44.36% 74.45%

SFFS-GAT t1ign,. 78.66%  66.17%  73.87% 45.73%  79.89%

SFFS-GAT 80.64% 73.27% 81.65% 47.77% 85.12%
”*” memory capacity out of reach.

We base our experiments on the Pytorch Geometric [15] implementation of the two models. The reference models
are a succession of two layers with the hidden size layer of 32 for Cora, Citeseer, and Pubmed; 64 for Flickr; and 128
for Reddit. We adopt the following learning hyperparameters : a dropout of 0.5 and 0.6 for GCN [8] and GAT [9]
respectively; a learning rate of 0.01, 0.001, and 0.005 for the citation datasets, Flickr and Reddit respectively; We set
weight decay to 5 x 10™* for both models except for the second layer of the GCN [8] for which we set it to 0. We
then use these same models and integrate our subgraph forest fire sampling framework for a minibatches training and
we denote them by SFFS-GCN and SFFS-GAT.

We compare these modified models with the original versions of GCN [8] and GAT [9] that do not use any
sampling. We also compare with two other known models GraphSAGE [12] and Cluster-GCN [16] which both have
their own sampling techniques described in Section 2.

For a fair comparison, we set the number of clusters in Cluster-GCN [16] so as to make the average subgraph size
the same as ours as well as Graphsaint’s [17].

We use the two new models SFFS-GCN and SFFS-GAT with different burning probabilities:

¢ A very small burning probability. This corresponds to a random node sampling. We denote this version with the
subscript Low (SFFS-GCN 0., and SFFS-GAT o).

¢ A very high value for the burning probability. This corresponds to a BFS node sampling. We denote this version
with the subscript High (SFFS-GCNpgi4n and SFFS-GAT gign ).

¢ A moderate burning probability. SFFS-GCN and SFFS-GAT without subscripts correspond to this case.

We set the size of the sampled subgraphs to S = 1000 for Cora and Citeseer datasets, to .S = 2000 for Pubmed
and Flickr, and to S = 6000 for Reddit.

4.3 Results and Analysis
4.3.1 Task Performance Analysis

We trained and tested all the above models on a node classification task. We report the accuracies in Table 2.

We can first observe that using our framework with small or high burning probabilities (cf. the performance of
SFFS-GAT row, SFFS-GAT gigh, SFFS-GCN Low, SFFS-GCN Hign) is not interesting. The medium burning prob-
ability achieves the best results. In fact, with a low burning probability, the model is completely random. With a
high burning probability, the model is a BFS sampler that focuses on connectivity too much. The medium burning
probability captures both randomness and connectivity and is a good compromise.

We can also clearly see that SFFS-GAT and SFFS-GCN, the two frameworks that integrate our sampling process out-
perform plain GCN [8] and GAT [9] in most of the cases. For the GCN [8] model, SFFS-GCN gives better overall
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Figure 3: Effect of the burning probability on GCN training

performance than both GraphSAGE and Cluster-GCN. In the case of GAT [9] model, the subgraph sampling allows
it to run and highly perform on datasets that would not fit in the GPU (e.g., on Flickr) or the CPU otherwise (e.g., on
Reddit).

4.3.2 For Deeper Graph Networks

We also tested our GCN framework model with various numbers of layers. The results over Cora, CiteSeer and
PubMed datasets are shown in Figure 2. The authors in [24] showed that GCN performance starts dropping when
the depth goes beyond 2 layers. Figure 2 confirms it. GCN reaches its peak performance at 2 layers depth and starts
dropping afterwards. This drop is caused by the oversmoothing problem. On the other hand, integrating SFFS allows
SFFS-GCN to withhold the dropping despite the model’s depth. Which proves its usefulness against oversmoothing.

4.3.3 Impact of the Burning Probability on GCN Training

As we discussed in the previous section, when varying the burning probability, we can make SFFS-GCN simulate
either a BFS or a random walk behavior. Figure 3 plots the accuracy of the GCN when varying the burning probability.
We can notice that a moderated burning probability is the best choice. A moderated value means that the percentage
of burned neighbors is mostly around 50% without excluding the possibility of lower or higher percentage to be
adopted in some cases. In fact, considering an interval of values around 50% proved itself effective since it gives
better results than a sampling with a fixed 50% burning percentage according to our tests. It can be explained by the
fact that a flexible percentage allows the subgraphs to be diverse. The generated subgraphs cover both local and far
neighborhoods. This mix is most relevant in a social network like Flickr where interest similarities of nodes are found
locally and role similarities can be found far away [4]. We also notice that the GAT model limits the accuracy drop
as the burning probability goes higher. A higher burning probability means that the sampling behavior is closer to
BFS. Which means that every node has a high number of neighbors with which it exchanges messages for the update



operation. This scenario increases the likelihood of noise being passed on and thus the accuracy dropping. Except that
the attention mechanism in GAT helps to focus the relevant neighbors which moderates the accuracy drop.

5 Conclusion

Sampling is a technique that can be used to significantly reduce the computational cost of learning on large graphs,
making it possible to apply graph neural networks to larger and more complex problems. Sampling can be performed
in a number of different ways, depending on the specific problem and the desired properties of the sample. Thus, it is
important to carefully design the sampling strategy to ensure that the sample is representative of the overall graph and
does not introduce bias or distortion. Subgraph Forest Fire Sampling, is an effective and reliable sampling method
that generates subgraphs for GCN minibatch training. The subgraphs reflect the original graph properties and allow
GCNs to go deeper and help them better generalize their learning.
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