24th European Conference on Artificial Intelligence - ECAI 2020

Santiago de Compostela, Spain
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Abstract. We present a novel Graph Neural Networks (GNN) ar-
chitecture as an simplification of Graph Attentional Network (GAT)
model with implicit computation of edge attention coefficients and
shared sparse-dense matrix multiplication between heads. These im-
provements reduce training time and memory consumption while
keeping the model capacity of GAT. On several established bench-
marks, our model has a performance on par with state-of-the-art, yet
with improved efficiency and scalability similar to simpler models in-
cluding Graph Convolutional Network (GCN). Notably, we are able
to apply the model to the large-scale Reddit social network dataset
within a reasonable training time and memory constraint, which is
previously infeasible for models with similar complexity including
GAT.

1 INTRODUCTION

Many structured datasets can be represented as graphs, including
citation networks, social networks, traffic network [16], molecule
structure [7], protein-protein interaction [35], etc. A graph consists
of nodes and edges, where typically nodes correspond to objects and
edges describe their relationships. For example, in citation networks,
nodes represents papers and edges represents citation relationship
between papers. Note that even without an explicit graph structure,
building a graph from the data structure by extracting relationship
between entities can be beneficial, as in point cloud segmentation
with £-NN graph [25] and natural language processing with graph of
word relationship [30]. Multiple tasks can be defined on graph data,
including graph classification [33], node classification [13], link pre-
diction [32], etc.

Compared to some more traditional data like images with grid
structure, where translation-invariant Convolutional Neural Net-
works [14] can be applied with decent performance, learning on
irregular graph structure presents new challenges. One important
group of methods on graph data is node embedding [20, 10], in which
random walk or its variants are introduced, and an unsupervised skip-
gram model [18] is trained on these sequences to obtain node em-
beddings. However, these methods can only generate embeddings on
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observed nodes, unable to generalize to new graphs.

Another approach is graph neural networks [34, 27, 28], which
are end-to-end neural networks directly applied on graph domain.
Early examples applied recurrent operations until equilibrium to ob-
tain high-level node representations [21]. The repeated propagation
limits its efficiency. Spectral graph convolution, including ChebNet
[5] and Graph Convolutional Networks (GCN) [13], introduced fil-
ters on spectral domain, usually implicitly to avoid eigendecomposi-
tion of the Laplacian matrix. The learned filters rely on specific graph
structure, thus these methods do not generalize to different graphs.
Various different frameworks exist for graph neural networks. In-
spired by convolution on images, spatial graph convolution variants
[7, 1, 11] are examples of Message Passing Neural Networks [9],
where a messaging function of both the source and destination node
is computed and propagated to the destination, with variable perfor-
mance and computational efficiency. Other frameworks include spec-
tral graph convolutions and graph recurrent neural networks [34, 28].
Variants of graph neural networks can also be applied to various spe-
cific graph types, including directed graphs, heterogeneous graphs,
graphs with edge information, and dynamic graphs [27]. Various
other researches are conducted based on the graph neural network
models, including graph variational autoencoders as generative mod-
els, and adversarial training aimed for generalization improvements
[34].

Semi-supervised node classification is a particularly important
class of graph machine learning problems. Researches show that
GCN works as Laplacian smoothing, and thus suffers from over-
smoothing for deep networks [15]. And for shallower models, low
label rates causes inability in exploring the global graph structure
[15]. To expand the labels, self-training and random walk model co-
training have been applied to GCN to improve the prediction accu-
racy especially under low label rates [15].

Attention mechanism [2, 6] was first used in neural machine trans-
lation tasks. It is an important neural network structure for sequen-
tial data. Graph Attention Network (GAT) [23] combined spatial
graph convolution and masked self-attention, where attention coef-
ficients computed with source and destination features are used as
edge weights and normalized with softmax function. GAT achieves
state-of-the-art performance in various citation network and protein-
protein interaction datasets, however, it is not as fast as GCN or other
similar models, according to the empirical results in [26]. Mean-
while, attention coefficients and the intermediate computational re-
sults require a large amount of memory, especially when the number
of edges are high.

In this paper, to improve efficiency and scalability of attention-
based networks, we propose a new architecture of graph neural net-
works. By choosing the attention function in GAT as sum of products
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of source- and target-dependent factors, we can compute the atten-
tion mechanism implicitly by applying the two sets of factors before
and after propagation, respectively. We name this model Separated
Graph Attention Networks (SepGAT). A simplification is to keep
only one source-dependent factor, yielding Simplified Graph Atten-
tion Networks (SimpGAT). In both models, the adjacency matrix is
the only sparse matrix involved, and its product with other matrices
can be easily batched by concatenation. This leads to a significant
increase in time efficiency. Without explicit computation and storage
of attention coefficients and intermediate results, both models have
a lower memory requirement, thus scalable to larger datasets. Both
models perform on par with state-of-the-art. SepGAT is better suited
for larger training data with lower overfitting risk, while SimpGAT
is faster and more robust on smaller datasets.

2 Preliminaries

Notations We consider a graph G = (V, £) with V and € represent
node and edge set, respectively. We construct adjacency matrix A €
RY*N and feature matrix X € RV*¥, where N is the number of
nodes and F is the feature dimension. The i-th row z; € R of X is
the feature of node 4. The output of a layer is denoted X' € RNXF/,
where F is the number of output features.

2.1 Spectral graph convolution

The spectral graph convolution approach [5] considers a signal fil-
tering on the graph Fourier domain. The method first considers
graph Laplacian L, which is defined as combinatorial graph Lapla-
cian L = D — A or symmetric normalized Laplacian L = In —
D_l/ZAD_l/Q, where D is the diagonal degree matrix D;; =
>_; Aij. The orthonormal eigenvectors {u;} of L are known as the
graph Fourier modes, and their associated eigenvalues {\;} are de-
fined as the frequencies. The eigendecomposition can be written in
matrix form L = UAU". The graph Fourier transform of a feature
channel z € RY is defined # = U'z € RY, and its inverse is
x=Uz.

Next, a spectral filtering go is defined in the Fourier domain. A
feature channel z is filtered by go as:

o' = go(L)x = go(UAU )z = Ugo(A)U "z 1)

To avoid expensive explicit eigendecomposition, gg is set to be a
polynomial, thus Uge (A)U T can be computed as a matrix polyno-
mial gg(L). In ChebNet [5], the choice of gg is a combination of
Chebyshev polynomials with rescaled frequencies A=2A /Amax —

In,
K

go(A) = D OxTi(A), @
k=0
where Ti(z) = 22Tk_1(z) — Trh—2(z),To(z) = 1,T1(z) = z.
Thus, a spectral convolution layer can be written in matrix form as

[un

K—1
X'=Y"Ti(L)X6x, 3)
k=0
where L has the same frequency rescaling as A, that is, L =
2L/ Amax — IN.
Graph Convolutional Networks (GCN) [13] is a simplification of
ChebNet, where the symmetric normalized Laplacian is used and

assumed already in the range of [0,2], thus L = L — Iy =

—DY2AD7Y2 Only two terms k = 0,1 is preserved, with
0o = —61. The graph convolution layer becomes

X'=Xx0e+ D 2AD"?Xxe. )

With a {e{lormalization t~rick replacing In + DY 24D_1/ 2 with
D'/?AD"? where A = A+ Iy and Dy = Y. Ajj, the GCN
layer is defined as

X'=D Y?AD'?Xxe. 5)

2.2 Graph attention networks

An attention function, as in [6], is the mapping from a query and a
set of key-value pairs to an output. It computes attention coefficients
between a set of queries () and a set of keys K. The attention coeffi-
cients are then normalized with softmax function and used as weights
of the corresponding values V. For queries g, key k and its value v,
the attention mechanism can be formulated as

y = softmax(f(q, k))v (6)

An attention mechanism is called self-attention when queries and
keys come from the same set.

Graph Attention Networks [23] is a masked self-attention applied
on graph structure, in the sense that only keys and values from the
neighborhood of query node are used.

First, the node features are transformed by a weight matrix W &€
REXF ', where I is the output dimension. Attention coefficients be-
tween nodes ¢ and node j is computed as a function of node ¢ and j
features. In GAT, the attention mechanism is a single-layer feedfor-
ward neural network with LeakyReLU nonlinearity, parameterized
by a € R?” /,

eij = FWT X, WTX;) = n(a [W i, W'a,]), @)

where 7 represents the LeakyReLU function.
The attention coefficients is then normalized with a softmax func-
tion within A;, the neighborhood of target node i including itself,

exp(eij)

a;; = softmax(e;;) = =——————, )
J ( J) Ekej\/’i eXp(eik)
and the final output feature of each object is
xi' ZU(Z ocijWij), (9)

JEN;

with an activation function o for the layer.

Other works based on attention mechanisms on graphs exist. One
example is Attention-based Graph Neural Network (AGNN) [22].
AGNN uses a cosine similarity function for attention, parameterized
by a scaling factor 8 € R,

T
€ij = Bl (10)
llilll; I

Other differences include linear transformation after attention mech-
anism instead of before, and removal of nonlinear activation func-
tions between layers.

The cosine similarity attention in AGNN is also highly related to
the inner product attention, where e;; = ] ;, which is applied in
some Natural Language Processing (NLP) models [6]. Specifically,
the cosine similarity function is the inner product normalized with [

norms of the input vectors.
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2.3 Scalable variants of graph neural networks

To cope with large graphs impossible to fit in the memory and/or
impractically time-consuming for computation, various approaches
have been proposed.

GraphSAGE [11] is an extension of Message Passing Neural Net-
works [9, 34] into a mini-batched setting. Neighborhood up to order
K is sampled with fixed size for a given set of input nodes, and only
the node representation computation required by the center node is
performed. In each layer, for each node in the sampled subgraph,
the neighborhood features are aggregated with mean, max, or LSTM
functions to obtain a new hidden state for the next layers. The model
can be trained in an unsupervised setting, where the final embedding
is used to predict the co-occurrence in random walks. Supervised
training with downstream loss function is also possible.

GaAN [31] samples nodes like GraphSAGE, and applies a multi-
head attention mechanism as aggregator. The attention heads are ad-
ditionally weighted with a sigmoid gate to assign different impor-
tance weights to each head.

FastGCN [3] views graph convolutions as integral transforms of
embedding functions under probability measures. It involves sam-
pling nodes for each layer from a distribution g(u), and connections
between nodes in adjacent layers is considered as a sampling of all
edges. During training, the features of sampled nodes in this layer is
propagated to sampled nodes in next layer in a way similar to GCN,
and backward propagation can be done by applying the chain rule
straightforwardly. The learned weights can be used in a full-scale
GCN or similarly sampling model for inference.

Instead of sampling, Simple Graph Convolution (SGC) [26] re-
moves the activations between layers in GCN and combines all
weights into a single matrix,

Y = softmax(S...SSXWHw®
= softmax(S™ XW).

W(k)) an

S® X can be pre-computed with K sparse-dense matrix multiplica-
tions, and the following model is a logistic regression which can be
trained fast with various method including SGD and second order
methods.

3 OUR METHODS

Graph Neural Networks in the propagation and aggregation scheme
typically involve a time consuming sparse matrix multiplication. It is
thus beneficial to the computational efficiency to reduce the amounts
of sparse matrix multiplications. Additionally, Graph Attention Net-
works (GAT) suffer from high memory cost due to computing and
storing attention coefficient on all edges, especially with a large num-
ber of edges. Here, we will present a novel graph neural network ar-
chitecture with similar representation capacity compared to complex
models like GAT, but without memory-costly explicit attention coef-
ficient computation. The attention heads can be easily batched with
one sparse matrix multiplication per layer, thus giving the model a
similar efficiency to GCN. A further simplification is provided to
shorten the training time and reduce overfitting.

3.1 Limitations of GAT

GAT has a high model capacity by weighting different edges with
attention mechanism. It is the former state-of-the-art on node clas-
sification task, and still has decent performance compared to vari-
ous recent methods. However, one limitation of GAT is its efficiency,

even though its time complexity per layeris O(K|V|FF'+ K|E|F')
with K head, similar to GCN. Multiple issues hinder the efficiency
of GAT.

First, multi-head graph attention requires multiple sparse-dense
matrix multiplication (SDMM) between different weighted adja-
cency matrices and transformed features, which can be heavily time-
consuming. This is especially evident with GPU training, where
dense matrix operations are more easily optimized. Ideally, these
SDMM operations can be batched to reduce time, however, no known
deep learning frameworks have implemented sparse tensor multipli-
cation with rank above 2 to the best of our knowledge.

Second, computation of general attention functions requires
O(|€|F') time complexity, comparable to previously described
SDMM operations, and it is also tricky to parallelize. One way to
deal with this issue is to gather both node features into the edges, and
compute the attention functions with two |€| X F” matrices. Known
as gather/scatter [8], this method is well parallelized, but it requires
O(|€]F") memory per head, which can be prohibitive on larger or
denser datasets. To avoid this problem, the attention functions are
limited to specific forms, hindering capacity of the model. In GAT,
a single-layer feedforward neural network with LeakyReLLU nonlin-
earity is used, which can be computed as

€ij = n(aT[WT:Ei, Wij]) = n(aIWTxi + a;Wij), (12)

where all instances of a] W' z; and agWTavj can be computed be-
forehand with O(|V|F’) time complexity, followed by element-wise
operations on the sparse adjacency matrix of O(|€]).

Third, attention function values, intermediate results, and gradi-
ents are all large sparse matrices with O(|€|) memory occupation.
For K heads, this requires O(K|£|) memory with a large constant
coefficient. This high memory complexity hinders the scalability of
GAT model.

As for another attention-based approach, AGNN, the cosine simi-
larity function in the attention mechanism involves the inner product
between x; and z;, which cannot be represented as operations be-
tween scalar functions of z; and x;. Thus, the circumvention as in
GAT cannot be applied, and the gather/scatter approach is the only
reasonably efficient algorithm for AGNN. As described above, this
approach has a large O(|€|F) memory complexity, which limits its
scalability. Here, we replace I with I, since the attention mecha-
nism in AGNN is performed before the linear transformation.

3.2 Separated graph attention mechanism

To handle those issues, we deliver a novel method allowing the atten-
tion outputs to be obtained implicitly, which involves no large sparse
matrices other than the same input adjacency matrix shared by all
heads.

We can reformulate the masked attention in GAT into a weighted
attention representation,

Aij exp(esj)

iy = ; 13)
T Y ey Ak exp(eir)
Aij exp(ei;) T
/ ) g
T = W'z, (14)
CE 2 o)
and we can compute &; = Djev Aij exp(ei;)W'x; and d; =

> ey Aik exp(eir) respectively, then x;" = &7 /d;. Here, i; is the
unnormalized attention mechanism, and d; is the sum of row 7 in the
matrix defined by Aij = Aij exp(eij).
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Given some specific formulation of e;; from W z; and W'z, we
can separate the computation into source node j-related part, multi-
plication with A;;, and target node i-related part.

Specifically, we let exp(e;;) be a sum of M products of i- and
j-dependent factors

M

expless) = Y fn(W @) gm(W ;) (15)

m=1

and the form of e;; is thus required to be

M
eij = log (Z fm(WTm)gm(Wij)> : (16)

m=1

where the sum Z%:l Fn (W) gm (W' x;) is required to be
larger than zero. Then, the unnormalized attention mechanism £, and
rowsum d; becomes

M
#F=> fn(WT2:) Y Aygm (W a)W ey, (A7)
m=1 JEWV|
M
di=>" fun (W) Y Aijgm(W'ay), (18)
m=1 JEV|

and we can first compute all g, (W 2;)W " z; for each source node
j in a batched manner, propagate to each target node ¢ with adjacency
matrix A, and further multiply f,, (W x;) and do summation. This
can be rewritten into the matrix form

M
X'=Y" diag(fm(XW))Adiag(gm(XW)XW,  (19)

m=1

and for normalization propose, the row sum of the operator
M diag(fm (XW))Adiag(gm (XW)) becomes

d="Y diag(fm(XW))Adiag(gm(XW))1n.  (20)

m=1

where f,, and g, are row-wise applied, and diag(-) represents the
diagonal matrix constructed from the corresponding vector.

With an activation function afterward, the normalized separable
weighted attention head can be represented as

X' = o(diag(d) "' X"). (1)

We name the resulted model as Separated Graph Attention Net-
works (SepGAT). Each attention head has the time complexity
O(|V|FF' + M(|V| + |E])F’). Even though the time complexity
is larger than GAT, efficient batching of SDMM allows the model
to be still faster than GAT. Additionally, this approach allows cer-
tain attention functions with higher capacity to be applied, for which
explicit computation may require a similarly high complexity on its
own anyway.

We can also consider the vectors

FOVT2) = [FLOWV T 20), foW T 2i), oy, far (W T2)]T (22)
gWTa;) = [0 (W), ga(WTy), oo gar (W )T (23)

as transformed input features, then the attention mechanism can be
expressed as

ei; = log (f (WT%)TQ(WTIJ‘)) ; (24)

on which the masked softmax is then performed. Thus, just like
AGNN, SepGAT can also be viewed as a variant of inner-product
attention mechanism, where the input features are first transformed
with functions f, g € RF — R, and instead of normalization with
l2 norm, a logarithm nonlinearity is applied after the inner product.
One particular choice of the functions f and g is single-layer feed-
forward neural networks described later.

3.3 Simplified graph attention mechanism

To further improve the efficiency, we consider the special case
of m = 1, where the unnormalized attention mechanism be-
comes exp(ei;) = f(WTx;)g(W ;). In this case, we found that
F(WTx;) occurs in both the numerator and the denominator in the
separable weighted attention representation, so we can simplify it
into
Aijg(W'z;))

Zkev Aig(WTxy,) '

That is, the attentional coefficient is only related to the neighborhood
but not the target node. We denote this model as Simplified Graph
Attention Networks (SimpGAT).

The physical explanation of this simplification is that we deduct
the importance of source node j towards other nodes based on fea-
tures of j but not its target nodes, and multiple importance weights
of the neighborhood of a center node ¢ is normalized with a sum of
one.

(25)

Q5 =

3.4 Choice of functions f and ¢

A simple choice of function e;; in SimpGAT is a single-layer feed-
forward neural network with an activation function 7, that is, e;; =
n(a"WTx;) and exp(e;;) is a function of W' zx;.

However, the computation of separable weighted attention mecha-
nism requires an explicit computation of exp(e;; ), which can lead to
numerical instability, e.g. overflow or underflow when |e;;| is large.
In (optionally masked) softmax in traditional mechanism, where sub-
tracting the maximum e;; for each 7 reduces all exponentials into at
most one. It is not applicable in our scheme though, since the maxi-
mum of e;; for all j may not correspond to an edge for some ¢, thus
max;en; (€:;) —maxrey (eir) can be negative enough for some ¢ to
cause underflow in the exponential. Finding row-wise maximum of
e;; defeats out propose, since it computes an edge-wise intermediate
result, increasing time and memory consumption.

Instead, we choose the inverse hyperbolic sine function as the
nonlinearity 7, since sinh™'(z) = log(z + 1+ 22), and
expsinh ™ (z) = x 4+ /1 +22. As a result, expsinh™'(z) —
— 3757 When £ — —o0, and exp sinh™!(x) — 22 when x — +o0,
which has much better numerical stability than exponential function
alone. Also, it only involves arithmetic and square root operations to
compute, with no difficulties for implementation or computation.

With this choice, the unnormalized attention mechanism and its
rowsum becomes

X' = Adiag(¢(XWb))XW, (26)

d = Adiag(¢(XWh))1y, @7)

where ¢(x) = expsinh™ (z).
For similar reasons, we choose all f,, and g,, as single-layer feed-
forward neural networks with exponential of inverse hyperbolic sine
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nonlinearity, thus

M
X'=" diag(¢(XWan))Adiag(¢(XWbn)) XW,  (28)
m=1
M
d="Y_ diag(¢(XWanm))Adiag(¢(X Wb ))1y. (29)
m=1

3.5 SepGAT and SimpGAT models

Inspired by GAT, we apply a multi-head attention mechanism in both
SepGAT and SimpGAT to stabilize the learning process. We concate-
nate the outputs of K independent simplified attention mechanism
described above to get the final output of the multi-head attention
layer
K
X'= || o(diag(dr) ' X3), (30)
k=1

where H denotes the concatenation operation, and X 1. and d, for each
head are computed from independent parameters Wy, and ag.

Computations for all heads can easily batched together with tensor
operations, and the computation of X +. and dy; can also be combined,
thus requiring only one sparse matrix multiplication for the entire
layer, greatly reducing the running time.

We apply multiple layers of multi-head attention described above
to form a neural network. For the last layer in classification, the out-
put dimension is required to be the number of classes for softmax
or sigmoid classification. Like GAT, we employ averaging instead of
concatenation and apply the softmax function afterward.

We employs dropout mechanism to increase the robustness of the
model, especially when the label rate is low. Specifically, we apply
node feature dropouts before and after linear transformation in each
layer. We also implemented edge dropping inspired by [4], which
is directly applied to the adjacency matrix. To keep the computation
minimal, we use the same dropped edges in all heads within the same
layer. A desirable side effect of edge dropping is the reduced num-
ber of edges making computation of the sparse matrix multiplication
faster. Note that when edge dropout is used, all edges around a sin-
gle node can be dropped together, resulting a division by zero error
during simplified attention computation. Thus, a small constant e is
added to the row sums of all nodes.

The time complexity of the K -head simplified weighted attention
layer per epoch is O(K|V|FF' + KM(|V| + |E|)F") for SepGAT
and O(K|V|FF' + K|E|F") for SimpGAT. The time complexity of
SimpGAT is same as GAT, and also GCN with the same combined
output dimension, that is, F&,cn = K F§ar. The time complexities
for our approaches along with some important baselines are summa-
rized in Table 1. However, the combination of sparse matrix multi-
plication in all heads greatly reduces our method’s time consump-
tion compared to GAT, giving a per-epoch training time similar to
GCN. Even SepGAT with higher complexity can be made faster than
GAT with batching on both heads and attention terms, since a larger
SDMM in this case is actually faster than multiple smaller SDMM
in GAT. Meanwhile, both models retain the superior model capac-
ity of GAT by weighting the nodes differently. Also, without explicit
attention coefficient storage for forward and backward, our models
require significantly less memory compared to GAT, allowing train-
ing on larger graphs including Reddit dataset.

Table 1. Comparison of time complexity of multiple models

Model Time Complexity Per Layer
GCN (Dense) O([VIFF" + |[V[?F")
GCN (Sparse) O(|V|FF' + |E|F)
GAT (Dense) O(K|V|FF' + K|V|?F")
GAT (Sparse) O(K|V|FF' + K|E|F')
SepGAT O(K|V|FF' + KM(|V| + |E])F")
SimpGAT O(K|V|FF' + K|E|F")

4 EXPERIMENTS

We evaluate our SepGAT and SimpGAT models on the well estab-
lished benchmarks of citation networks and social networks, and
compare our results with existing works, including several strong
baselines. Additionally, we compare the training time for our meth-
ods and several related approaches to better demonstrate the effi-
ciency of our models.

4.1 Datasets

Cora, Citeseer, and Pumbed are three citation network datasets.
Nodes correspond to documents and edges to citations. We use undi-
rected edge in this work, same as all baselines. Node features are bag-
of-words representation of documents, zero-one in Cora and Cite-
seer, and TF-IDF in Pubmed. Each node has a class label based on
its subject. We follow the transductive setting of [29], where all node
features are available during training.

Reddit is a social network dataset with 232,965 nodes and
11,606,919 edges, which is much larger than the citation networks.
The task is to classify Reddit posts as belonging to different com-
munities. Nodes correspond to posts and edges to comments from
the same user. The first 20 days of the month are used for training
and the remaining days are used for testing [11]. We apply the induc-
tive settings as in [3] for our SepGAT and SimpGAT models, and a
transductive setting for GCN baseline.

Dataset statistics are summarized in Table 2.

Table 2. Dataset Statistics

Dataset Cora  Citeseer Pubmed Reddit
Nodes 2,708 3,327 19,717 232,965
Edges 5,429 4,732 44,338 11,606,919
Features 1,433 3,703 500 602
Classes 7 6 3 41
Training 140 120 60 152,410
Validation 500 500 500 23,699
Test 1,000 1,000 1,000 55,334

4.2 Experimental setup

Both SepGAT and SimpGAT are implemented in PyTorch [19]. Both
models have two layers for all datasets. On citation networks, we
choose the architecture based on GAT, with the first layer consisting
of K = 8 attention heads computing I’ = 8 features each. The
second layer has K = 1 head for Cora and Citeseer, and K = 8
for Pubmed. In SepGAT, we use M/ = 8 terms in the attention for-
mulation. We apply a dropout with p = 0.6 both before and after
linear transformation. The edge dropping rate is 0.6 for SepGAT and
0.3 for SimpGAT on all three citation networks. Implementation of
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GCN and GAT baselines are provided by their respective authors. We
choose the same hyperparameter setting as their corresponding pa-
pers for GCN and GAT baselines. Additionally, a GCN model with
64 hidden units is trained for a fair comparison to GAT, SepGAT, and
SimpGAT, each with total hidden units of 64.

On Reddit dataset, the larger number of classes (41) requires a
larger amount of hidden units. We empirically find that KX = 16 at-
tention heads with ¥ = 16 features each on the first layer works
best. For SepGAT, we use only M = 4 terms in the attention formu-
lation due to memory limitations. The second layer still has K = 1
head. The larger amount of training data requires less regularization,
thus we apply a dropout with p = 0.3 only before linear transfor-
mation, and edge dropping is not used. For GCN baseline, 64 hidden
units and p = 0.2 dropout is used. We also experimented GCN with
256 hidden units in our PyTorch implementation.

To our best of our knowledge, no GAT implementation can fit in
our GPU memory, and training on CPU does not make a fair compar-
ison on computation time. As for AGNN, the gather/scatter approach
is the only known reasonably memory-efficient algorithm, since it
preserves the sparsity of the graph. Yet, with O(|€|F) memory re-
quirement, gathering the original input features into the edges is still
highly impractical, and the storage requirement of the attention co-
efficient and its gradient is also prohibitive. As a result, no AGNN
implementation fit in our GPU memory, similar to the GAT case.

For all models, we use Adam optimizer [12], with learning rate
0.01 for GCN and 0.005 for other models. L2 regularization of A =
5 x 10~ is also applied. We repeat 10 times for each experiment.

Additionally, we select several results from various works for a
more complete comparison [13, 23,22, 17, 20, 24, 26, 31, 11, 3]. The
results for citation networks and Reddit are summarized in Table 3
and Table 4, respectively.

Table 3. Classification accuracy on Planetoid datasets

Model Cora Citeseer Pubmed
Literature:
GCN 81.5 70.3 79.0
GAT 83.0+0.7 725407 79.0+03
GLN 81.2+0.1 709+0.1 789=+0.1
AGNN 83.1+0.1 71.7+£0.1 799+0.1
LNet 795+18 662+£19 783+£03
AdalL.Net 804+ 1.1 68.7+1.0 78.1+04
DeepWalk  70.7+0.6 514405 76.8+0.6
DGI 823+06 71.8+0.7 768+0.6
SGC 81.0+00 719+0.1 789+0.0
Our experiments:
GCN16 820+06 71.1+£09 79.1+04
GCNo64 81.6+03 71.0+03 79.1+£0.3
GAT 834+03 723+£07 781+£0.6
SepGAT 83.1+£06 71.64+05 782+03
SimpGAT 834+04 71.8+05 79.0+0.3

4.3 Results

It is easily observed that our SimpGAT model achieves the best accu-
racy score on Cora benchmarks, and has performance comparable to
state-of-the-art on Citeseer and Pubmed. We should note that the best
models on both Citeseer and Pubmed are based on attention mecha-
nism, thus their time and memory efficiency is severely limited. Our
SimpGAT model is much faster while still having competitive perfor-
mance. SepGAT performs slightly worse, since it has more trainable
parameters, it suffers more from overfitting.

Table 4. Classification micro F1 on Reddit dataset

Model Micro F1
Literature:
GaAN 96.4
SAGE-mean 95.0
SAGE-LSTM 95.4
SAGE-GCN 93.0
SAGE-mean (Unsupervised) 89.7
SAGE-LSTM (Unsupervised) 90.7
SAGE-GCN (Unsupervised) 90.8
FastGCN 93.7
DGI 94.0
SGC 94.9
Our experiments:
GCNo64 94.94 £+ 0.03
GCN256 94.98 £+ 0.02
GAT OOM
AGNN OOM
SepGAT 96.16 + 0.05
SimpGAT 95.71 £0.05

On Reddit dataset, our SepGAT model is able to beat all baselines
except GaAN [31]. GaAN is a node sampling model, allowing larger
models to be trained on a reasonable device. However, with a large
number of parameters, GaAN has not yet proven itself to be time ef-
ficient. SepGAT performs better than most sampling methods, giving
the insight that using the entire graph provides more useful informa-
tion compared to sampling subgraphs. When SepGAT is compared
to our SimpGAT and other simpler methods, we find that complex
formulations of attention function improves the capacity of models,
giving a better performance when overfitting is not an issue.

4.4 Efficiency Comparison

We also compare the training time between SepGAT, SimpGAT, GAT
and GCN. All timing experiments are done on a NVIDIA GTX 1080
Ti GPU. The hyperparameters are the same as in respective perfor-
mance experiments. SepGAT and SimpGAT use inductive training
on Reddit, which has a smaller training size than transductive GCN,
so transductive versions of SepGAT and SimpGAT are also timed for
fair comparison. The results are listed in Table 5.

Table 5. Training time (s) for selected methods. (i): inductive training, (t):
transductive training, OOM: Out of memory.

Model Cora Citeseer ~ Pubmed Reddit
Time Per Epoch:
GCN16 0.0091 0.0140 0.1517 —
GCNo64 0.0099 0.0157 0.1592 2.8803
GCN256 — — — 5.5227
GAT 0.0615 0.1764 0.4054 OOM
SepGAT 0.0135 0.0153 0.0527 4.4669(i)
7.7428(t)
SimpGAT  0.0105 0.0114 0.0288 3.1949(i)
6.0239(t)
Total Time:
GCN16 1.91 2.93 24.1 —
GCN64 1.53 2.28 17.2 593
GCN256 — — — 1125
GAT 60.6 158 235 OOM
SepGAT 21.2 25.6 51.1 7338(i)
14034(t)
SimpGAT 12.2 17.2 23.8 4814(i)
8242(t)

The training time per epoch of both SepGAT and SimpGAT are
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similar to that of GCN, while GAT is much slower. Even SepGAT
with a higher theoretical complexity is faster than GAT, meaning
that the amount rather than the dense size of the SpMM operations
are critical in the computational time, and batching of the heads and
attention terms are crucial for high efficiency. The advantage of Sep-
GAT and SimpGAT on Pubmed dataset is probably due to implemen-
tation difference.

As for the total training time, SepGAT and SimpGAT are slower
than GCN but still faster than GAT. This is due to the extra param-
eters in the attention mechanism increasing the model complexity,
making the model harder to optimize. This is a necessary trade-off
for SepGAT and SimpGAT to perform better than GCN, which is
most evident for SepGAT on Reddit.

Also, by using the same adjacency matrix in all SpMM operations
involved in attention computation, our models are more scalable in
the sense of memory efficiency, allowing us to train our models on
larger datasets like Reddit while GAT cannot.

5 CONCLUSION

We have presented Separated Graph Attention Networks (SepGAT)
and Simplified Graph Attention Networks (SimpGAT), which are
novel graph neural network architectures inspired by Graph Atten-
tion Networks. Both models have performance on par with state-
of-the-art, while still roughly as fast as simpler methods including
Graph Convolutional Networks. SimpGAT is faster than SepGAT,
and performs better on smaller datasets with lower risk of overfit-
ting. Although SepGAT has a larger time complexity than GAT, it
can be trained faster with efficient batching of heads and attention
terms. SepGAT has a higher model capacity by introducing more
complex attention functions, which is beneficial for its performance
on datasets with surplus training data like Reddit.
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