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Abstract

Graph contrastive learning (GCL), leveraging graph augmentations to convert
graphs into different views and further train graph neural networks (GNNS5), has
achieved considerable success on graph benchmark datasets. Yet, there are still
some gaps in directly applying existing GCL methods to real-world data. First,
handcrafted graph augmentations require trials and errors, but still can not yield
consistent performance on multiple tasks. Second, most real-world graph data
present class-imbalanced distribution but existing GCL methods are not immune
to data imbalance. Therefore, this work proposes to explicitly tackle these chal-
lenges, via a principled framework called Co-Modality Graph Contrastive Learning
(CM-GCL) to automatically generate contrastive pairs and further learn balanced
representation over unlabeled data. Specifically, we design inter-modality GCL to
automatically generate contrastive pairs (e.g., node-text) based on rich node con-
tent. Inspired by the fact that minority samples can be “forgotten” by pruning deep
neural networks, we naturally extend network pruning to our GCL framework for
mining minority nodes. Based on this, we co-train two pruned encoders (e.g., GNN
and text encoder) in different modalities by pushing the corresponding node-text
pairs together and the irrelevant node-text pairs away. Meanwhile, we propose
intra-modality GCL by co-training non-pruned GNN and pruned GNN, to ensure
node embeddings with similar attribute features stay closed. Last, we fine-tune the
GNN encoder on downstream class-imbalanced node classification tasks. Extensive
experiments demonstrate that our model significantly outperforms state-of-the-art
baseline models and learns more balanced representations on real-world graphs.
Our source code is available at https://github.com/graphprojects/CM-GCL.

1 Introduction

Contrastive learning, aiming to contrast instance pairs generated from unlabeled data to train better
representation models, has attracted considerable attention. Inspired by the consistent success of con-
trastive learning in computer vision and natural language processing [3} 2, [26]], an increasing number
of works have started to investigate the great potential of contrastive learning on graphs [45} 52 [38]].
Most existing graph contrastive learning (GCL) models leverage different graph transformation
methods to augment graph data into different views, and further train graph neural networks (GNNs)
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by maximizing the similarity between positive pairs while minimizing the similarity between negative
pairs. In particular, PyGCL [52] summarizes nine categories of graph augmentations from differ-
ent levels (e.g., node dropping, edge perturbation, and graph diffusion), and implements different
augmentation combinations to transform graph into different views for contrastive learning.

Yet, directly applying existing GCL models [28, 27, |31} 45]] from the controlled benchmark graph
datasets to uncontrolled real-word graph datasets still has some gaps. First, notwithstanding suitable
handcrafted augmentation methods need professional knowledge as well as trials and errors, the
consistent excellent performance on multiple tasks can not be guaranteed [52]. Second, node
classes in most real-world graphs present imbalanced distribution (e.g., Zipf long-tail distribution).
For instance, the amount of illicit activities (e.g., malicious code/repository [44} 10} [7, 43], illicit
drug/crimeware trading [30, 48]) on the Internet and social networks is much less than that of normal
activities [33]. To tackle these challenges, we aim to design a novel GCL model that automatically
generates contrastive pairs without too much effort, but also can generalize well in real-world graphs
with the class imbalance problem.

Accordingly, inspired by existing cross-modality contrastive learning methods in computer vision and
NLP [32/153]], we naturally hypothesize that node embeddings in graph and the corresponding content
embeddings (e.g., text embedding) in different modalities will be closer if we train GNN encoder
and the content encoder (e.g., text encoder) simultaneously during contrastive learning. In this way,
we can automatically generate contrastive pairs, e.g., (node-text), based on the natural node content,
which is called inter-modality GCL. However, recent studies [14} 42] demonstrate that contrastive
learning can alleviate the data imbalance problem but fails to be fully immune to the data imbalance
issue. Therefore, motivated by the fact that minority data may be easily “forgotten” by pruning deep
neural networks [13], we extend the ad-hoc compression tool, network pruning, to GCL framework
and further discover minority samples not yet well represented by encoders during co-modality GCL.

To summarize, we propose a novel framework called co-modality graph contrastive learning (CM-
GCL) to automatically generate contrastive pairs from unlabeled data and further learn more balanced
node representations. As illustrated in Figure[I] we first prune the graph encoder and content encoder
in inter-modality GCL to uncover more minority samples, and further co-train two encoders via
optimizing the inter-modality contrastive loss. Besides, we propose to ensure that node embeddings
with similar attribute features should also stay closed. Therefore, we propose intra-modality GCL that
generates contrastive pairs based on the similarities among node attribute features and further co-trains
non-pruned graph encoder and pruned graph encoder. By the aforementioned steps, CM-GCL can
boost minority nodes weights in contrastive loss and lead to implicit loss re-balancing. Finally, we
fine-tune the pre-trained GNN encoder on the class-imbalanced node classification tasks. To conclude,
our work makes the following contributions:

* As handcrafted graph augmentations are not efficient on real-world graph datasets, we devise a
co-modality framework to automatically generate contrastive pairs. To the best of our knowledge,
this is the first work on GCL that co-trains encoders in different modalities to facilitate node
representation learning.

* To address the class imbalance issue on graphs, our model extends network pruning to prune
encoders in co-modality GCL for discovering minority samples and further learning more balanced
node representations.

» Extensive experiments on multiple real-world graph datasets show the effectiveness of our model
by comparing CM-GCL with state-of-the-art methods.

2 Related Work

Graph Contrastive Learning. Most GCL models [31} 45! 38} 46, 140} 39] leverage different types of
data transformations to augment graph into different views and further train an encoder by discrimi-
nating positive pairs and negative pairs generated from unlabeled data. Specifically, GraphCL [435]]
designs four types of graph augmentations to generate contrastive pairs in different views for con-
trastive learning. GCC [31]] implements the random walk for each node to sample subgraphs as
augmentation. In the heterogeneous domain, HeCo [38]] employs cross-view (schema view and
meta-path view) contrastive learning to train an encoder. These handcrafted data augmentations
require trials and errors, and sufficient domain knowledge, but still cannot yield consistent excellent
performance on multiple tasks [45]. Hence, we naturally propose to automatically generate contrastive



pairs for graph data. Inspired by CLIP [32], a cross-modality contrastive learning model on image
and text data, we devise cross-modality GCL that leverages the rich node content to automatically
generate useful contrastive pairs without resorting to handcrafting or expert knowledge.

Data Imbalance in Self-supervised Learning. Data imbalance is very common in real-world
applications (e.g., anomaly detection [516]). Most existing methods against data imbalance focus on
supervised learning (e.g., re-sampling [[1}24], re-weighting [[16} 35]], and GraphSMOTE [51])). Recent
works [42, 15, [14] start to explore the benefits of the balanced feature space from self-supervised
learning. Yang and Xu [42] first studied the label bias in self-supervised learning and concluded that
classifiers that are pre-trained in a self-supervised manner consistently outperform their corresponding
supervised baselines. Kang et al. [[15] found that contrastive learning can present a more balanced
feature space over imbalanced datasets by comparison with supervised learning. Based on this,
SDCLR [14] validates that contrastive learning is not fully immune to data imbalance. All mentioned
works study the imbalance problem of image. Motivated by these works, we devise an algorithm that
can well mitigate the data imbalance in our proposed co-modality GCL framework.

Network Pruning. Network pruning [[19} 22, 20] has been considered as a popular compression
tool for DNN models. In recent years, some works [8} |13} [14] have started to explore the deeper
connection with DNN memorization and generalization. Specifically, Frankle and Carbin [8] found
that pruning a dense DNN can identify “significant subnetwork™ whose testing accuracy is comparable
to the one in the original network. Hooker et al. [[13]] thought a small data subset, i.e., data belonging
to ambiguous classes and minority classes, is more likely to be impacted by the introduction of
sparsity via network pruning. Based on the conclusion, Jiang et al. [[14] constructed a self-competitor
via network pruning to study the imbalanced image in contrastive learning. In this work, we introduce
network pruning in co-modality contrastive learning to uncover minority nodes and further gain the
more balanced representation.

3 Preliminary

Graph Neural Networks. Given a graph G = (V, &, X), where V is the set of different types
of nodes, £ C V x V is the set of edges, and X is the attribute feature set. We aim to learn the
node representation by considering both structure and node attribute features. Current GNNs (e.g.,
GCN [118]], GAT [37], GraphSAGE [9], and HetGNN [47])) follow a messaging-passing framework
and has gained consistent performance on various graph data. In this paper, we choose GCN as the
graph encoder to learn the node embedding hl, € R? corresponding to node v;. In particular, GCN

is formulated as H!*! = O’(;{ H! Wl), where H'*1 denotes the node representations at [ + 1 layer,

Aisa symmetric normalization of A with self-loop, W' is the weight matrix at I-th layer, and o is the
activation function. We use f to denote the graph encoder and h¢ to denote the node embedding.
Besides GCN, we also discuss GAT and GraphSAGE as the graph encoder in experiments.

Text Pre-Trained Model. In most real-world graphs, nodes contain rich text information. Most
existing graph representation learning methods [[18} 9} |50} |49, |41]] extract the keyword from text
and convert the rich text content into sparse bag-of-words feature vector, and further utilize the
extracted features to facilitate the graph representation learning. Instead of directly utilizing the
bag-of-words feature vectors as the attribute features for nodes, we propose to fine-tune the pre-trained
language model on the handy unlabeled dataset within the graph. In this work, we leverage the
pre-trained transformer language model (e.g., DistilBERT [34], a distilled version of BERT) as the
text encoder and further fine-tune the text encoder with co-modality contrastive loss. The structure
of DistilBERT we implemented is a base size with a 6-layer 512-wide model along with 8 attention
heads. Text sequence is bracketed with [SOS] and [EOS] tokens and we take the activation of the
highest layer of transformer at [EOS] token as text representation h € R97. In this paper, fr
denotes the text encoder. After fine-tuning f7 via optimizing co-modality contrastive loss, we replace
the bag-of-words feature vectors with fine-tuned attributes for all nodes. Besides DistilBERT, we
also discuss other transformer models (i.e., BERT) as the text encoder and more details can be found
in Section

Image Pre-Trained Model. Except for text information, image content is also very common for
nodes in graph (e.g., Instagram). We implement two different architectures (i.e., ResNets and
Transformer) as the image encoder. As ResNets is widely used and has been proven with excellent
performance, we implement ResNet50 [[L1]] as the base architecture. Following [[12], we make similar
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Figure 1: The overall framework of CM-GCL: (a) It constructs graph to depict content data (e.g.,
image and text) and relation data in networks; (b) It co-trains the pruned GNN and pruned content
encoder in inter-modality GCL to ensure node embeddings and content embeddings referring to the
same entity stay together; Intra-modality GCL that co-trains non-pruned GNN and pruned GNN is
further proposed to ensure node embeddings with similar attributes stay close. (c) It updates attribute
features via f7 and the pre-trained GNN f/ is fine-tuned on downstream class imbalance tasks.

modifications on ResNet and replace the global average pooling layer with an attention pooling
mechanism. Besides, we consider the recently introduced Swin Transformer [23] as the image
encoder and closely follow their implementations. We utilize f; to denote the image encoder to
obtain the image representation h; € R%. After fine-tuning f; via contrastive loss optimization,
we attach the fine-tuned image embedding to the corresponding nodes as the attribute features for
downstream tasks.

Problem 1. Co-Modality Graph Contrastive Learning for Imbalanced Node Classification. Given
a graph G = (V, &, X) built on multi-modality data along with imbalanced class label Y, we aim to
build a GCL model over G that can be further fine-tuned or applied to the downstream tasks with
imbalanced labels (e.g., imbalanced node classification).

4 Methodology

In this section, we present the details of CM-GCL (Figure[I)) which includes three steps: (i) graph
construction (Figure[T}(a)); (ii) co-modality graph contrastive learning with network pruning (Fig-
ure[T}(b)); (iii) model fine-tuning on downstream imbalanced node classification tasks (Figure[T](c)).

4.1 Graph Construction

Graph has been proven to be effective in modeling real-world networks (e.g., academic networks and
social networks). Merely taking the relational structure information among nodes into consideration
is deemed insufficient to learn the node representations. Thus, to model real-world graph data for
certain tasks (e.g., domain prediction for AMiner academic network), we depict both the informative
content and rich structure information within graph data. Following existing works [[18,19,[37], we
first convert the text content into sparse bag-of-words feature vectors attached to the corresponding
nodes, which is denoted as x. For some graphs that have rich image content (e.g., Instagram), we
implement the pre-trained image encoder (e.g., ResNet) to obtain the image feature vectors applied to
the corresponding nodes. Besides that, different from existing works, we further fine-tune the content
encoder (denoted as fr for text encoder or f; for image encoder) via co-modality contrastive learning.
Inspired by CLIP [32] that co-trains the text encoder and the image encoder for the text image
matching task, we view the rich content as the text (image) modality data and the corresponding graph
structure with bag-of-words feature vectors as the graph modality data. We argue the corresponding
data in different modalities can achieve agreements in the learned representation space.

4.2 Co-Modality Graph Contrastive Learning

After graph construction, we first propose inter-modality contrastive learning to automatically generate
contrastive pairs. Then we introduce network pruning to discover minority nodes during contrastive
learning. Last, we design intra-modality contrastive learning to ensure that node embeddings with
similar semantics (attribute features) stay closed.



4.2.1 Inter-Modality Graph Contrastive Learning

The main idea of contrastive learning is to make representations maximize the agreement on sample
pairs under proper graph augmentations. Yet, finding proper graph augmentation for every task is
always resource-consuming [45]. Inspired by existing works [32} 53] in terms of cross-modality
learning, we propose to fully utilize nodes’ content to automatically generate contrastive pairs, and
further co-train encoders in different modalities via contrastive learning. That is to say, we aim to learn
two encoders such that embeddings in two modalities are close to each other in the learned space if
they refer to the same entity, otherwise far away. In this paper, we mainly consider two combinations
of modalities as illustrated in Figure[T}(a) (i.e., graph-text or graph-image). For simplicity, we discuss
graph-text modalities as an example in this section, and will conduct experiments on graph-image
modalities. Specifically, given a sample pair (z%, z%), where xl, is the original attribute feature
(i.e., bag-of-words feature vector) of node v; € V and z7 is the corresponding text content input,
we feed 2, to the graph encoder fg and a_:iT to the text encoder fr respectively, and further obtain
the corresponding representations (h¢, h%). Note that, as different types of nodes in G may have
different feature dimensions, we first transform the input attribute features of all nodes in G to a
common space. After obtaining the representation pair (hl;, h%.), we apply nonlinear projection
heads to convert embeddings from different modalities to the same space (denoted as (2, z%-)) for
comparison, which can be formally defined as 2* = MLP(h?). We apply separate projection heads
for representations generated by the encoder in different modalities. Here we denote (2%, 2%) as the
projected embedding pair. We consider (z, z%) as a similar pair (positive pair) if the node and the
text content refer to the same entity. Otherwise, (z&, 2%) is viewed as a dissimilar pair (negative pair).

4.2.2 Network Pruning

We are aware that imbalanced data fails many supervised approaches built on balanced benchmarks.
Whether contrastive learning is immune to data imbalance or not has remained controversial. Recent
studies [14, 15} 42] argue and demonstrate that self-supervised contrastive learning can alleviate the
data imbalance issue in representation learning but is not fully immune to data imbalance. Based on
the above findings, we propose to alleviate the data imbalance issue during our proposed co-modality
GCL. Some recent works [[13}[14] discover that certain examples are particularly sensitive to sparsity
via network pruning and these samples mostly impacted after pruning are termed as Pruning Identified
Exemplars (PIEs) [[13]]. They further demonstrate that PIEs often show up in minority classes. Inspired
by this, we extend network pruning to our proposed framework to uncover minority samples. Unlike
pruning a single encoder for image model in the previous works [[13| [14} [8]], we co-prune multiple
encoders in different modalities. With PIEs dynamically generated during contrastive training, more
minority samples will be exposed along with training epochs, as we will show in Figure 2] In this
paper, we employ the magnitude pruning method [8] that uses the absolute value of weights to rank
their importance and removes weights that are below a certain threshold. Specifically, the detailed
process is described as follows:

1. Randomly initialize encoders fg and fr with parameters 6% and 6% respectively.

2. At each iteration [, prune €% of smallest-magnitude parameters in GlG and 6% by creating the
corresponding masks m, and mY..

3. Apply the masks mlG and m!. to the feed-forward encoders f¢ and fr respectively, and calculate
the corresponding contrastive loss.

4. Release the masks mlG and m). on the masked parameters and update encoders’ parameters via
optimizing the contrastive loss.

In the above steps, the contrastive loss in inter-modality GCL is formulated as:

exp [sim (25, 25) /7
Linter = —10g Z 5 p[ ( G’ TL/ E:r] 7 n
v; €V p=1 ]]'[17510] exp [Slm (ZG7 ZT)/Tinler}

where (2%, z%.) is the projected embedding pair generated by the pruned encoders fg and fr,
sim(z%,, 2¢) is the cosine similarity between Z}, and Z%, Tiye is the temperature value, and n is the
size of mini-batch. Following the iterative pruning process that repeatedly trains, prunes and releases
weights in each round, it effectively boosts minority samples’ weights in Liye, and leads to implicit
loss re-balancing. In this way, minority samples are more likely to be uncovered and further force the
encoders to learn more about these minority samples.



4.2.3 Intra-Modality Graph Contrastive Learning

Inter-modality graph contrastive learning ensures that embeddings from different modalities w.r.t.
the same entity stay closed in the projected space but fails to ensure that embeddings with similar
original features from the same modality stay closed. We argue that nodes with similar attribute
features naturally have similar semantics and their embeddings should be closer than those with
dissimilar attribute features. However, most existing GNNs are mainly dominated by the relationships
among nodes in graph [29]. In light of this, we propose intra-modality graph contrastive learning
to balance the importance of local neighbor relations and attribute features, and further ensure that
node embeddings with similar attribute features will stay closer in the projected space. Note that, we
mainly focus on graph modality in intra-modality graph contrastive learning. Specifically, we first
define S as the set of node pairs having the top-R similarity, which is formally defined as:

S = {(vi,vp) | sim(zf;, 2%, in top-R of [sim(zg,:r’(’;)];yzl, Yu; € VY, 2)
where sim(z,, z¥,) measures the cosine similarity of node attribute features between node v; and v,

R is the number of top pairs chosen for each node, and N is the number of nodes in G.

The main difference between intra-modality GCL and inter-modality GCL lies in that, intra-modality
GCL employs the graph encoder and the pruned graph encoder for contrastive training, while inter-
modality GCL implements the graph encoder and the text (image) encoder for co-modality contrastive
training. Hence, we have a dense graph encoder f and a sparse graph encoder f pruned by iterative
magnitude pruning. Given a sample pair (z%,, 27,), where 7 can equal p, it will be encoded by f¢ and
fc respectively. The projected embeddings (zf;, z%) is regarded as a positive pair if (v;,vp) in S,
otherwise, it will be viewed as a negative pair. The intra-modality GCL loss is defined as follows:

L 1 Z Z(vi,vp)ES exXp [Slm (567 zg)/Tintra]
intra — —108 N = .
’ Z(vi,vq)is €xp [Slm (an zg,‘)/Tintra]
By this way, for atypical and minority nodes, our model can amplify the representation differences

between the pruned and non-pruned graph encoders in intra level, and these nodes’ weights will be
implicitly increased in the intra-modality contrastive 10sS Lin,-

3

v; €V

After performing inter-modality graph contrastive learning and intra-modality graph contrastive
learning, the overall objective of co-modality graph contrastive learning can be formulated as:

L= Aﬁinter + (1 - /\)['imraa (4)

where ) is the trade-off hyper-parameter for balancing two loss terms. Pseudo-code of CM-GCL is
provided in Section A of the Appendix.

4.3 Fine-tuning

After sufficient training on the co-modality GCL, different from most existing methods that directly
fine-tune the pre-trained encoder f¢ on downstream tasks [31} [45], we adopt a multi-step protocol
to evaluate the classification performance. (i) Representation learning via CM-GCL: we pre-train
encoders by optimizing the pre-training loss £ in Eq. |4} (ii) Update the attribute feature: we leverage
the learned content encoder f7. to get the updated attribute features; (iii) Fine-tuning the GNN encoder:
we adopt the pre-trained weights from f¢, as the initialized parameters for the fine-tuning encoder.
Then we train the GNN encoder together with the classifier (i.e., MLP) over imbalanced nodes.
To address the class imbalance problem, we introduce Focal Loss [21]] that applies a modulating
term to the cross-entropy loss to focus on hard misclassified nodes. This can be considered as a
dynamically scaled cross entropy loss, where the scaling factor can down-weight the contribution of
easily classified nodes automatically during model fine-tuning and rapidly focuses the model on hard
nodes. In particular, the supervised multi-class focal loss Ly, can be formally defined as:

c
1 . .
»Cfocal = T Z Z Qe Yic (]— - yic)’y IOg(yic)a (5)
Vil i€V =0

1 C=
where V; is the node sets of labeled nodes, §;. is the prediction score of node v; being classified as
class c, 7 is the focusing parameter to control the rate at which easy nodes will be down-weighted,
and a. € [0,1] is a weighting hyper-parameter for different classes. Noted that Leocy = L When

vy=0and a = 1.



5 Experiments

In this section, we first introduce datasets we use to evaluate CM-GCL and baselines models. Then
we provide the detailed analysis to show the effectiveness of CM-GCL and its strong applicability
to real-world graph datasets. In addition, the baseline settings are provided in Section B of the
Appendix.

5.1 Experimental Setup
5.1.1 Dataset

In this paper, we adopt four multi-modality Table 1: The number of labeled nodes, classes, and
graph datasets from existing works, i.e., theimbalance ratio (IR) for each dataset.

AMiner [36], YelpChi [33], GitHub [29], and  pataset ~ AMiner YelpChi GitHub Instagram
Instagram [30], which contain the raw content

(e.g., text or image) and the graph structure infor- z gg ljgi 18’289 67’;95 20’595 8’625 1
mation. Spemﬁpally, AMlngr graph is a paper- o ~1.0 015 0.50 059
citation academic network with raw text content
(i.e, title). We select a sub-graph (having 18,089 papers and 22,864 authors) from AMiner dataset,
and aim to predict the domain label (i.e., data mining, medical informatics, theory, visualization,
and database) of each paper. In order to solve a harder classification task, we cast aside venue
nodes from AMiner academic network and consider two relation types (i.e., author-write-paper and
author-collaborate-author) for this academic graph. Different relation types are regarded as the same
type. Each paper is characterized by the bag-of-words of keywords. We also count the number
of published papers for each author as the attribute feature. In this dataset, the class distribution
is relatively balanced (Tabel [I), so we use an imitative imbalanced setting by randomly selecting
two classes (two out of five) as the minority classes. YelpChi provided by [33] is a benchmark
graph dataset with the raw reviews for a set of restaurants and hotels in Chicago. We utilize YelpChi
dataset to identify genuine reviews (8,919) and fake reviews (58,476), which is a binary classification
task. Similar to AMiner, each review is characterized by the bag-of-words of keywords. Followed
by [33]], we also extract three types of relations among reviews. GitHub graph, including 6,965
malicious and 13,930 benign repositories, aims to detect malicious repositories on GitHub platform,
which contains the raw content of repositories. Please refer to the detailed graph information in
[29]. To mimic the imbalanced situation, we employ an imitative imbalanced setting with different
imbalance ratios. Instagram graph contains the image and text information about users and posts
and the corresponding rich relationships. Different from other three datasets, we mainly utilize the
image information within this dataset to pre-train our proposed model and further detect illicit drug
traffickers (including 3,242 drug traffickers and 5,409 normal users) on Instagram.

5.1.2 Baseline Method

To evaluate the performance of CM-GCL, we compare CM-GCL with nine baseline methods which
are divided into four groups (Table 2): feature-based method (G1), graph learning models (G2),
methods against imbalanced data (G3), and GCL models (G4). For G1 (Feature), we feed the attribute
feature vector to a two-layer MLP [25]]. For G2, we implement three graph learning methods, i.e.,
GCN [18], GAT [37], and GraphSAGE [9], to learn the node representations. For G3, we implement
three popular approaches, i.e., over-sampling [17]], re-weighting [4], and GraphSMOTE [51], to
handle the imbalanced node representations generated by GCN. GraphSMOTE is the extension of
SMOTE [1]] on graph data, which leverages node similarities to generate synthesized nodes and edges.
For G4, we reproduce two GCL methods, i.e., GCC [31]] and GraphCL [45]]. To compare them with
CM-GCL fairly, we fine-tune the pre-trained models with Focal loss L,ca as well.

5.1.3 Experimental Settings

All experiments are conducted under the environment of the Ubuntu 16.04 OS, plus Intel 19-9900k
CPU, two GeForce GTX 2080 Ti Graphics Cards, and 64 GB of RAM. We train all methods
for each graph with a fixed epoch. Besides, all methods are trained ten times, and the average
performance multiplied by 100 on testing data is reported. We use 70% samples for training, 10% for
validation, and the remaining 20% for testing. Following existing works in evaluating imbalanced
class classification [, 51], we adopt two metrics, i.e., Macro Fl-score (F1) and AUC-ROC score



Table 2: Performance comparison of all methods on imbalanced datasets with different ratios.

Graph Over Re Graph

Datasets Ratio Metric Feature GCN GAT GCC GraphCL
-SAGE -sample -weight -SMOTE -GCL
Doy F1 50.16 54.89 5471 5287 5524 5828  56.08 5543 5527 56.73
AUC  88.68 91.99 9225 89.05 91.23 9320 90.81 9325 9351 95.04
AMiner Do, F1 53.62 55.67 5545 5395 5634  69.11 6543 7235 7351 7478
(Node < Text) ) AUC 9212 9295 92.24 9234 9378 9488  94.05 9521 9401 96.42
D F1 7528 7734 7783 7551 79.40 79.46 7937 8457 8478 8559

AUC 9453 95.09 9538 94.53 9549 9586 96.04 9625 97.14  98.02

F1 46.86 49.58 49.80 47.75 49.78  50.98 5141 4998 5023 5045

Poor AUC 57.11 59.08 60.51 58.84 89.69 8225 90.94 87.35 88.52  90.79

YelpChi Do, F1 52.60 56.27 57.14 53.62 65.01 67.08 70.08 7247 7338 75.10
(Node < Text) AUC 6529 83.74 83.84 7883 8991 85.63 91.81 91.04 9123  93.02
Dt F1 5346 64.57 6521 4646 72.61 T72.77 77.04 7745 78.56  80.75

AUC 67.02 85.04 8545 8270 89.42 8785 9220 9228 9345 9448

Door F1 23.88 32.33 3251 2941 3573 37.77 4597 4251 4320 45.89

AUC 5791 80.09 79.25 77.87 8297 84.66 86.73 8554 86.21 88.51

Github Dos F1 6492 69.15 69.42 66.14 71.64 7245 7443 7251 7324 76.35
(Node < Text) AUC 79.69 86.85 86.25 84.25 89.76 91.48 93.37 9154 9239  95.27
D F1 66.74 72.55 7327 7048 73.18 74.12 7159 79.54  80.59  83.35

AUC 7821 88.28 88.24 86.82 90.99 92.84 9332 9274 9375  96.48

Door F1 435 1251 12.58 1029 1528  17.39 2348 1932 2042 2247

AUC 51.04 58.71 5891 56.27 6024 62.75 66041 64.05 6428 67.34

Instagram Dos F1 36.02 42.62 4232 40.54 44.11 4753 49.65 4832 49.88 51.24
(Node < Image) AUC 6271 81.45 8198 79.27 8383 8524 8842 8532 8721 89.14
D F1 66.77 72.55 7232 71.24 73.05 74.57 7532 7725 7825  80.71

AUC 76.83 87.28 87.12 8539 88.68 89.05 89.24 91.08 9253  94.25

(AUC) to evaluate all models. Besides, except for the initial imbalance ratio of datasets, to evaluate
the model performance in more imbalanced scenarios, we set 5 (imbalance ratio) as 0.1 and 0.01
and further utilize D;,;, Dy.1, and Dy ; to denote dataset with initial imbalance ratio, 0.1, and 0.01,
respectively. Note that, we leverage Dy to train CM-GCL and fine-tune the pre-trained encoder
over Dinit, Do.1, and Dy to conduct the downstream classification tasks. With the grid search,
pruning ratio e is set as 20%, the number of contrastive pairs R for each node in intra-modality
GCL is different for different graphs (e.g., 5 for AMiner graph) , and the number of mini-batch n is
different for different tasks, (e.g., 100 for AMiner graph). Besides, the temperature parameter Tiyer
and Ty, are set as 0.1 and the trade-off hyper-parameter A among co-modality GCL is set as 0.5. For
fine-tuning, v and y in Lgocar for different graphs are different (e.g., (0.75, 1.0) for AMiner graph).

5.2 Performance Comparison

Table 2] shows the performances of all models on four graphs with different imbalance ratios. The best
performances are highlighted in bold and the second-best performances are emphasized by underline.
In Table [2] we can conclude that: (i) Merely considering content data (Feature) is not supportive
enough to learn node representations. Integrating rich content and relations in graph can learn better
representations. (ii) Leveraging unlabeled data to train graph encoder via contrastive learning can
enhance node representations (i.e., GCC and GraphCL). Note that, to compare with baseline models
fairly, most models (i.e., over-sampling, re-weighting, GraphSMOTE, GCC, GraphCL, and CM-GCL)
are based on the embeddings generated from a two-layer GCN. (iii) Some popular methods (i.e.,
over-sampling, re-weighting, and GraphSMOTE) against imbalanced data in supervised learning can
alleviate the influence of imbalance and further improve the performance. In addition, GraphSMOTE
has excellent performance when the class is too imbalanced (i.e., Dy o1). (iv) CM-GCL has excellent



performance in most scenarios when dealing with imbalanced node classification over four real-world
graphs. By comparing CM-GCL with GCL models (i.e., GCC and GraphCL), we also conclude that
CM-GCL can learn better representations for real-world graphs.

5.3 Ablation Study

To show the effectiveness of different compo- Table 3: Comparison among model variants of
nents in CM-GCL, we conduct a set of ablation CM-GCL on Dy .

experiments over subset Dy of AMiner (node-
text) and Instagram (node-image) datasets and Dataset Method Fl1 AUC
further analyze the contribution of each com-
ponent (i.e., co-modality GCL, pruning, and AMiner .
intra-modality GCL) by removing it separately.  (Node < Text) Co-Modality 5621 92.34
First, we remove co-modality GCL from CM- - Pruning 7242 9531
GCL, which means we directly employ a two- - Intra-Modality 72.51 95.23

CM-GCL 74.78  96.42

layer GCN to learn the node embedding for both CM-GCL 51.24 89.14
datasets. As shown in Table[3] we can conclude Instagram -Co-Modality ~ 42.62 81.45
that our model is effective as the performances (Node < Image) Pruning 48.53 87.18
on both datasets drop significantly. In addition, - Intra-Modality 49.25 87.69

we remove network pruning and intra-modality
on CM-GCL. We find the performance on both datasets decreases obviously, validating the effective-
ness of network pruning and intra-modality in CM-GCL.

5.4 CM-GCL Uncovers More Minority Samples

We further investigate whether network pruning
is effective to discover minority samples dur- < Dinic = Do1 = Door
ing contrastive learning. Based on the pruning
process introduced in Section[4.2.2] we measure
the distribution of PIEs mined by CM-GCL over
the different subsets (i.e., D, Do.1, Doo1) of
Instagram (node-image) graph. Specifically, we
sample the top 1% training data that are most
easily affected by pruning, and further calculate 15
the percentages of PIEs that belong to the mi- 10
nority class. As shown in Figure [2| minority
samples in Dg; and Dy, are more easily to be Epoch

detected by CM-GCL along with the training Figure 2: The percentage of PIEs that belong to
epochs. Notwithstanding the minority samples ~minority classes under different training epochs.
in Dy are less likely to be detected at the beginning, it shows a general increasing trend along with
training epochs. Dy, keeps a relatively low percentage during the pre-training process. Hence, we
again demonstrate that network pruning in CM-GCL is able to mine minority samples and further
learn more balanced representations.
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5.5 CM-GCL is Applicable to Mainstream Models in Different Modalities

84

Our proposed CM-GCL aims to study vari- SAGE  GAT A .

ous real-world graphs: text-based graphs (i.e., DBERT o DEERT ‘ GitHub
AMiner, YelpChi, and GitHub), image-based Rl ReN N SAGE @~ Instagram
graphs (i.e., Instagram). To this end, CM-GCL DBERT 7% BERT

is designed as a plug-and-play tool that is ap- =82
plicable to most mainstream models in different

modalities. Hence, we adopt at least two mod- 81 Sf:‘TJF . SAGE ResNet

. . . &, V' _-&_  ResNet = ___g====-—a
els in each modality (i.e., graph: GCN, GAT, GON ™" CON gam =" T
and GraphSAGE (SAGE); text: BERT and Dis- w0 LT ResNet ST
tilBERT (DBERT); image: ResNet50 (ResNet) 50 75 10 125 150 175 200 225
and Swin Transformer (ST)) in Figure [3|to show Number of parameters (Millions x 0.1)

the strong applicability and the effectiveness of
Figure 3: Model size vs. F1 score over Djy.



CM-GCL. This figure shows the model size and the performance (F1) of encoder combinations
over the subset Dj,i; of GitHub (node-text) and Instagram (node-image) graphs. We find that all
combinations have excellent performances. Due to efficiency and resource concerns, We choose GCN
as the graph encoder, Swin Transformer as the image encoder, and DistilBERT as the text encoder for
our experiments. In addition, besides the above models in Figure[3] our framework is applicable to
other mainstream models.

5.6 Hyper-parameter Sensitivity

To explore the hyper-parameter sensitivity of
CM-GCL, we conduct four sets of experiments 90

w.r.t. the number R in Eq. 2] of positive node U //\\\i

pairs for each node in intra-modality GCL,

the trade-off hyper-parameter \ in Eq. f] be- %4 "y [E80| "0 |

(a) Intra-Modality GCL (b) Co-Modality GCL
90

tween inter-modality GCL and intra-modality 7 75

GCL, the percent e of pruning parameters for qo L_*AMiner  efnstagram qo L_*AMiner eInstagram
co-modality GCL, and the hyper-parameters T3 s 7m0 s 30 0 03 05 07 09
(a,y) in Lgoea (Eq. E]) for the downstream class- " (¢) Network Pruning " (@) Fine-tuning
imbalanced node classification. Note that, the ) | P
hyper-parameter sensitivity analysis about R 7 7

(Figure f](a)) and A (Figure [d](b)) are based =so ¢—s—o—o—o { =50
on AMiner and Instagram graphs with the initial " I
imbalance ratio (Djy;). The analysis in terms of eAMiner  elnstagram eAMiner  elnstagram
the class imbalance problem iS conducted on the 0.1 02 04 06 08 09 l(?].zs,l)(o.zs,Z) (0.5,1) (0.5,2) (0.75,1) (0.75,2)
dataset Dy 1 of AMiner and Instagram graphs ¢ o @n .
(Figure E}(C) and FigureE}(d)) . Specifically, in Figure 4: Hyper-parameters sensitivity analysis on
Figure[](a), we vary the value of R in the range WO datasets.

of {1,3,5,7,10,15,30} to generate positive samples for each node in intra-modality GCL. We can
find that the optimal value for AMiner graph and Instagram graph is 5 and 7, respectively, while
the performance drops obviously with too many positive pairs. That is to say, the intra-modality
GCL has inverse performance if the positive pairs are not qualified enough. Besides, in Figure ](b),
we vary the trade-off value X during pre-training. By comparing the performance when A = 0 and
A = 0.5 (optimal value), we can demonstrate the effectiveness of inter-modality GCL in enhancing
the performance of CM-GCL. Meanwhile, by comparing the performance when A = 0.5 and A = 1.0,
we also validate the effectiveness of intra-modality GCL in CM-GCL. In addition, from Figure E}(c),
we vary the pruning percent e in the range of {0.1,0.2,0.4,0.6,0.8,0.9} to prune encoders’ network.
We conclude that network pruning is effective for CM-GCL, while the performance will drop if the
percent is large (i.e., 0.9). Lastly, we can conclude from Figure @] (d) that the optimal value of (c,7)
in Liocqr 18 (0.75,1.0) for AMiner graph and (0.25,1.0) for Instagram graph.

6 Conclusion

In this work, we develop a graph contrastive learning model (CM-GCL) to handle real-world
multi-modality graphs with the class imbalance problem. Specifically, we propose co-modality
GCL including inter-GCL and intra-GCL to automatically generate contrastive pairs based on the
rich content. In addition, we propose network pruning to uncover minority samples during co-
modality GCL pre-training. Our proposed CM-GCL is designed as a plug-and-play tool that is
applicable to most mainstream models in different modalities. Extensive experiments across real-
world graph datasets demonstrate that CM-GCL outperforms most state-of-the-art baselines for
multiple downstream tasks and can alleviate the data imbalance problem.
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