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Recent years have witnessed an increasing focus on graph-based semi-supervised learning with Graph
Neural Networks (GNNs). Despite existing GNNs having achieved remarkable accuracy, research on the
quality of graph supervision information has inadvertently been ignored. In fact, there are significant
differences in the quality of supervision information provided by different labeled nodes, and treating
supervision information with different qualities equally may lead to sub-optimal performance of GNNs.
We refer to this as the graph supervision loyalty problem, which is a new perspective for improving the
performance of GNNs. In this paper, we devise FT-Score to quantify node loyalty by considering both
the local feature similarity and the local topology similarity, and nodes with higher loyalty are more
likely to provide higher-quality supervision. Based on this, we propose LoyalDE (Loyal Node Discovery
and Emphasis), a model-agnostic hot-plugging training strategy, which can discover potential nodes
with high loyalty to expand the training set, and then emphasize nodes with high loyalty during
model training to improve performance. Experiments demonstrate that the graph supervision loyalty
problem will fail most existing GNNs. In contrast, LoyalDE brings about at most 9.1% performance
improvement to vanilla GNNs and consistently outperforms several state-of-the-art training strategies
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1. Introduction

Graph-structured data widely exists in the real world and is
used to characterize the potential relationships between enti-
ties in multiple fields, including social recommendation (Guo &
Wang, 2020), drug discovery (Li et al., 2017), and financial risk
control (Yang et al., 2020). Due to the high cost of the label-
ing process, real-world graph-structured data usually has a few
labeled and many unlabeled samples. Therefore, simultaneously
learning labeled and unlabeled samples in the graph is an essen-
tial and natural task, which is called graph-based semi-supervised
learning.

As the standard paradigm for graph machine learning, Graph
Neural Networks (GNNs) establish an efficient graph represen-
tation mechanism based on spectral theory and deep learning.
Various of GNNs can be applied for graph-based semi-supervised
learning tasks, such as ChebNet (Defferrard et al., 2016), Cay-
leyNet (Levie et al, 2018), GCN (Kipf & Welling, 2016), GAT
(Velickovi¢ et al., 2017), and GraphSAGE (Hamilton et al., 2017).

* The code will be available at https://github.com/Haotong-Wei/LoyalDE after
paper acceptance for publication.
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However, due to the low proportion of labeled nodes, information
cannot effectively propagate from labeled nodes to unlabeled
nodes, which limits the performance of GNNs (Li et al,, 2018).
To this end, some effective training strategies seek to expand the
training set to promote the model training (Coskun et al., 2019;
Li et al., 2018; Tan et al., 2020).

Despite their effectiveness, these methods focus too much on
the quantity of labeled nodes, inadvertently ignoring the quality
of labeled nodes. For many real-world graph-structured data,
there are significant differences in the quality of supervision
information provided by different labeled nodes. Treating these
labeled nodes with different qualities equally during learning may
result in the sub-optimal performance of these above-mentioned
GNNs. We refer to this as the graph supervision loyalty problem,
and the quality of supervision information of labeled nodes in
graphs is called node loyalty.

Considering the complexity of graph data and limited re-
search on the topic, how to measure node loyalty is a significant
challenge. However, most GNNs perform better when handling
graphs with higher homophily (Zhu et al., 2020), leading us to
intuitively assume that nodes with stronger local homophily can
provide better supervision information for GNNs (i.e., have higher
loyalty). To verify this assumption, we introduce a novel measure
called FT-Score, which is based on local feature similarity and
topology similarity. We randomly sample training nodes from
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Fig. 1. Impact of the graph supervision loyalty problem on the performance of
GNNs. The x-axis indicates the proportion of nodes sampled from the top half
of the FT-Score distribution for each class.
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Fig. 2. The message-passing process of loyal and disloyal nodes. Yellow and blue
correspond to two different classes.

the top and bottom halves of the FT-Score distribution according
to certain proportions and evaluate the performance of GCN on
the Cora dataset for each proportion. The experimental result
is presented in Fig. 1. As observed, the performance of GNNs
is poor when the proportion of nodes from the top half of the
FT-Score distribution in the training set is low. Conversely, as
the proportion of nodes from the top half of the FT-Score dis-
tribution in the training set increases, the performance of GNNs
also increases. This finding demonstrates that nodes with higher
FT-Score tend to provide higher-quality supervision information,
i.e., higher loyalty. Furthermore, this result reveals that the graph
supervision loyalty problem significantly affects the ability of
GNNs to learn from labeled nodes. We contend that addressing
the graph supervision loyalty problem is a novel perspective for
improving the performance of GNNs.

To obtain a deeper understanding of the graph supervision
loyalty problem, we qualitatively divide the nodes in the network
into two classes: (1) Loyal node, which tends to have strong local
homophily (i.e., similar nodes are more likely to be proximal,
and vice versa) and have positive effects on model training; (2)
Disloyal node, which tends to have poor local homophily and have
limited or even negative effects on model training. Fig. 2 illus-
trates the message-passing process of loyal nodes and disloyal
nodes. The positive impact of loyal nodes on the model can be
divided into two perspectives. On the one hand, a loyal node with
strong local homophily tends to have more typical characteristics
of its class, and the provided supervision can help GNNs capture
the pattern of its class more effectively; On the other hand, during
the message-passing process, plenty of unlabeled neighbors in
the same class can obtain latent representations similar to the
loyal node, which helps GNNs identify them more accurately.
In contrast, due to its poor local homophily, the supervision
provided by a disloyal node cannot represent the pattern of its
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class and may mislead the latent representations of neighbors in
different classes during the message-passing process.

Based on this, we propose a novel model-agnostic
hot-plugging training strategy LoyalDE, which can effectively
discover and emphasize potential loyal nodes, thus providing
high-quality supervision for training GNNs and improving their
performance. The overall process of LoyalDE can be divided into
two steps: (1) Loyal node discovery: We first train a vanilla
GNN using the original training nodes and obtain the predicted
soft label. Then, we use a learnable adaptive scaler to obtain a
personalized scaling temperature for each node, thereby boosting
the confidence of loyal nodes and reducing the confidence of
disloyal nodes. Finally, we expand the training set by select-
ing high-confidence nodes from the scaled soft label; (2) Loyal
node emphasis: We calculate the FT-Score for each node in the
expanded training set, and nodes with higher FT-Score will be
assigned larger training weights, promoting the model to obtain
high-quality supervision from loyal nodes.

In summary, the contributions of this work are as follows:

e We discover and define the graph supervision loyalty prob-
lem, which is a new perspective for improving the perfor-
mance of GNNs.

We devise FT-Score to measure the quality of graph super-
vision information. Based on this, we propose LoyalDE, a
model-agnostic hot-plugging GNN training strategy.
Experiments demonstrate the effectiveness of LoyalDE,
which significantly improves the performance of GNNs and
consistently outperforms several state-of-the-art GNN train-
ing strategies.

The remainder of this paper is organized as follows. Section 2
explains the notations used in this paper and briefly reviews
related research about GNNs and semi-supervised node classifi-
cation. Section 3 presents the details of our proposed node loyalty
measure FT-Score and the hot-plugging training strategy LoyalDE.
Then, Section 4 reports the experimental results of the proposed
LoyalDE. Finally, we conclude our work in Section 5.

2. Preliminaries and related works

We first explain the meaning of the notations used in this
paper in Section 2.1. Then, we briefly review GNNs in Section 2.2
and semi-supervised node classification in Section 2.3.

2.1. Notation definitions

We use bold upper case letters to represent the matrix (e.g.,
W), bold lower case letters to represent the vector (e.g., f), and A
to represent the transpose of matrix A. Moreover, the ith element
of vector a is denoted as a;, and A; represents the element of
matrix A at the ith row and jth column. Further definitions of
notations commonly used in the graph learning field are provided
in Table 1.

2.2. Graph Neural Networks (GNNs)

Earlier research on GNNs proposes spatial convolution based
on hierarchical clustering and spectral convolution based on the
spectrum of graph Laplacian, both of which generalize CNNs to
graph-structured data (Bruna et al., 2013). However, the proposed
convolution operations have a considerable amount of parame-
ters and high computation costs. To this end, ChebNet (Defferrard
et al, 2016) employs Chebyshev polynomials to approximate
the K-order localized spectral filter. GCN (Kipf & Welling, 2016)
further simplifies the graph convolution by employing the 1-
order Chebyshev filter to capture local neighborhood information.
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Table 1

Description of notations commonly used in this article.
Notations Definitions
N Number of nodes
C Number of classes
v Node set
Viabeled Node set with labels
Vinlabeled Node set without labels
£ Edge set
F Dimension of node features
X Node feature matrix
A Adjacency matrix
Y Node label matrix
Y Predicted soft label matrix
N; Neighbors of ith node, including itself

However, as the aggregation weights of each central node to
different neighbor nodes are fixed and equal, the modeling capa-
bility of GCN is limited. To this end, GAT (Velickovic et al., 2017)
employs the graph attention mechanism to adjust the aggregation
weights of nodes to their neighbors adaptively, therefore having
a stronger modeling capability. Moreover, GCN is difficult to
deal with the semi-supervised graph task of inductive learning.
GraphSAGE (Hamilton et al.,, 2017) addresses this limitation by
introducing various learnable aggregation functions to perform
convolution on each sampled subgraph.

The node representations learned by GNNs can be applied to
various graph machine-learning tasks, such as node classifica-
tion (Dornaika et al., 2023), link prediction (Dai et al., 2022), node
clustering (Xia et al., 2022), graph classification (Ju et al., 2022), all
of which achieve remarkable performance. More works on GNNs
can be found in surveys Wu et al. (2020) and Zhou et al. (2020).

2.3. Semi-supervised node classification

Given an attributed graph G = (V, &, X), where V denotes the
node set, £ denotes the edge set, and X = [X1,%,,...,xy]" €
RN*F is the node feature matrix, x; € Rf is the F-dimensional
feature vector of node v;, and N |V| holds. Let Vigpeleq and
Vuniabeled D€ the set of labeled nodes and unlabeled nodes, where
Viabeled N Vuniabeled = @ and Vigpeled U Vuniabelea = V- The node
label matrix Y € RV*C consists of one-hot encoding vectors for
labeled nodes and zero vectors for unlabeled nodes, where C
is the number of classes. The goal of the semi-supervised node
classification task is to predict the labels of unlabeled nodes
Vuniabeled- Compared with the supervised setting, where only the
feature of labeled nodes could be used, semi-supervised node
classification allows the models to use the feature of both labeled
and unlabeled nodes to classify unlabeled nodes.

Most of the early research about graph-based semi-supervised
learning is based on the cluster assumption (Chapelle & Zien,
2005), which assumes that two topologically close nodes tend
to belong to the same class. As a result, these methods mainly
exploit graph topology to guide semi-supervised learning, includ-
ing min-cuts (Blum & Chawla, 2001), randomized min-cuts (Blum
et al,, 2004), spectral graph transducer (Joachims, 2003), label
propagation (Zhu et al., 2003), etc.

However, these above-mentioned methods have unintention-
ally neglected to utilize node features, which also have great
value for identifying class patterns. To this end, many graph-
based semi-supervised learning methods aim to jointly model the
topological structure and the node features, such as deep semi-
supervised embedding (Weston et al., 2008) and Planetoid (Yang
et al,, 2016).

Research from the same perspective also includes various
representative GNNs mentioned in Section 2.2, all of which can
be effectively applied for the semi-supervised node classification
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tasks. Moreover, many advanced training strategies are proposed
to address the issue that GNNs’ performance degrades in the
face of a few labeled nodes. Self-Training and Co-Training (Li
et al, 2018) seek to expand the labeled node set and supple-
ment additional supervision information for GNNs training by
leveraging the model prediction and the topological structure.
LExiCoL (Coskun et al., 2019) identifies latent community struc-
tures to discover unlabeled nodes similar to labeled nodes based
on clustering. Other effective training strategies also augment the
training set by exploring graph properties (Dong et al., 2020; Tan
et al., 2020; Wang, Shao, et al., 2021).

Despite their effectiveness, these methods inadvertently ig-
nore the impact of supervision quality on the performance of
GNNs. How to design an advanced training method for GNNs
that consider the impact of supervision information quality is an
important challenge. In this paper, we address this challenge by
thoroughly analyzing the effect of supervision quality on GNN
performance and propose a novel training strategy, LoyalDE, that
enhances GNN performance by incorporating supervision quality
considerations.

3. Proposed method

In this section, we present the proposed node loyalty mea-
sure FT-Score and the hot-plugging training strategy LoyalDE,
which can discover and emphasize potential nodes with high
loyalty during model training to improve the model’s perfor-
mance. Specifically, Section 3.1 presents the detail of FT-Score,
and LoyalDE is discussed in Section 3.2.

3.1. FT-score: the measure of node loyalty

As introduced earlier, FT-Score considers both local feature
similarity and topology similarity, thus effectively measuring the
loyalty of nodes. Specifically, we employ the cosine similarity to
compute the feature similarity. The feature similarity Seq(vi, vj)
between v; and each neighbor v; € A;, as follows:

XX;

Stear(vi, V) = ————,
llill 11211

(1)
where x; and x; is the feature of node v; and vj, respectively.
According to related studies (Liben-Nowell & Kleinberg, 2003),
nodes with stronger homophily tend to have more common
neighbors with their neighbors. Therefore, we measure the topol-
ogy similarity as the Jaccard coefficient, which considers the
proportion of common neighbors. Specifically, the topology sim-

ilarity Seopo(vi, vj) between v; and each neighbor v; € A is
calculated as follows:

[NV N A
S Vi, Vj) = ————. 2
tOpO(l ]) |MUM| ( )

Finally, we use a trade-off parameter « to perform linear
weighting on local feature similarity and local topology similarity.
Formally, the FT-Score of node v; is calculated as follows:

XiXi [N NN
FT(v;) = Za J J

—— 4 (1 —a)———.
Py [l 11 [1%; 1 IN; U N

(3)

We claim that the proposed FT-Score is intuitive and ex-
plainable. We can employ the FT-Score to effectively measure
the loyalty of nodes in the network, which in turn provides
guidance for optimizing the quality of supervision in graph-based
semi-supervised learning.

3.2. LoyalDE: the proposed training strategy

The overall workflow of the proposed training strategy Loy-
alDE is shown in Fig. 3. As mentioned earlier, the pipeline of Loy-
alDE can be divided into two processes: (1) loyal node discovery
and (2) loyal node emphasis.
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Fig. 3. The overall workflow of LoyalDE for semi-supervised node classification with GNNs. LoyalDE can be divided into two phases: (1) Loyal Node Discovery:
discover potential unlabeled loyal nodes through personalized confidence adjustment, thereby expanding the training set (2) Loyal Node Emphasis: use the expanded
training set to train a loyalty-aware GNN, which adaptively assigns the training weights of nodes according to FT-Score.

Loyal node discovery. The loyal node discovery phase aims to dis-
cover potential high-loyalty unlabeled nodes from the prediction
of vanilla GNNs and use them to expand the training set, therefore
improving the quality of supervision information.

Specifically, for a given graph G = (V, &, X) with original
labeled and unlabeled node sets Vigpeled and Vynigpeled, Where vV =
Vigbeled Y Vuniabelea holds, we first train a vanilla GNN model
by optimizing the vanilla cross-entropy loss function for semi-
supervised node classification, which is computed as follows:

Z Zylkl()g 1k

i€Viapeled k=1

Lyanilla = —

(4)

where C denotes the number of classes, Y denotes the ground-
truth, and Y represents the predicted soft label of the vanilla GNN.

For the obtained predicted soft labels Y, both loyal nodes
and disloyal nodes may have high confidence, therefore directly
employing it to expand the training set will introduce low-quality
supervision from disloyal nodes, resulting in suboptimal per-
formance. In other words, we should reduce the confidence of
disloyal nodes.

As disloyal nodes tend to have poor local homophily, their
predicted soft label should be significantly different from their
neighborhoods. Based on this, we first conduct K rounds of soft
label diffusion, which can be regarded as a Laplacian smoothing
process of soft labels. If the central node is a disloyal node, which
has poor local homophily, its diffused soft label should come to
be smooth, and its confidence is also reduced; The diffused soft
label Yp is calculated as follows:

1 1
Yp=(D 2AD %)Y, (5)
where A denotes the adjacency matrix with self-loop (i.e., A=
A + I, I represents the identity matrix), D denotes the degree
matrix with self-loop (i.e, D = D + I, D; = ZN:]AU-), and K
denotes the number of diffusion rounds.

However, the diffusion process may change the predicted node
labels. Since our goal is to adjust the confidence without chang-
ing the predicted classes, we feed the diffused soft label Yp to
an adaptive scaler based on multi-layer perceptron to learn a
personalized scaling temperature t; for each node v;. The scaling
temperature T is computed as:

= log(1 + exp (YpW)), (6)

where W e RC is the learnable parameter, and log(1 + exp(-))
conducts an element-wise soft plus activation for the adaptive
scaler.
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Then, we employ the scaling temperature T to perform per-
sonalized confidence adjustment on the predicted soft label Y,
therefore obtaining a scaled soft label, i.e., Ys = TY. The scaled
soft label Y5 has high confidence for loyal nodes and low confi-
dence for disloyal nodes.

Since minimizing NLL loss (Friedman et al., 2001) can help
improve the confidence of correctly predicted samples (Murphy,
1973), and the confidence of wrongly predicted samples can be
reduced by minimizing the gap between the largest and second
largest in scaled soft label (Wang, Liu, et al., 2021), we design the
objective function of the adaptive scaler as follows:

c
Z Z Yik lOg(?si,k )+

Lscaler = —
i€Viapeled k=1
1 XA (cor) o (cor)
A (cor A (cor
[Viabetedl ; u s
R ) )
er ~ (wro
Z YSI 1 51 s )’

where ( cor) and (wro) represent the correctly and wrongly pre-
dicted node, respectively. Ys , and Ys denote the largest and
second-largest components of the scaled soft label of node vj,
respectively.

Afterward, we use a mapping function based on information
entropy (Shannon, 1948) to map the scaled soft label Y, of each
node v; to its acceptance factor m; € [0, Cexp(—1)], which is
calculated as follows:

1) — H(a(Ys)),

where H(:) is the information entropy function, ie., H(x)
— Y ;i log(x;), o(-) is the softmax function. Since o(Ys,) is always
sum to 1, it can be proved that for a node v; with higher confi-
dence, the difference of each component value of o(Yy,) is greater,
its information entropy H(a(?si)) is smaller, and its acceptance
factor m; is larger.

Finally, we select the unlabeled nodes with high acceptance
factor (i.e, high confidence, essentially) to expand the labeled
node set, whose pseudo labels are set according to the scaled
soft label (i.e., argmax(Ys)). The expanded label node set V.4
is computed as follows:

(8)

m; = Cexp(—

Viabeled Y {VilVi € Vuniabeled

m; > ! Z mj}.

~ Vabeled!
e jeVigbeled

* —
Viabeled =

(9)
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Compared with the original training set, the expanded training
set has more training nodes, which can provide more supervision
information for GNNs training. Moreover, the expanded training
set is holistically more loyal due to the enhanced confidence of
unlabeled loyal nodes during the loyal node discovery phase.

Loyal node emphasis. After the loyal node discovery phase, we
get the expanded labeled node set V), .q» Which will be used to
train the GNN model. To make the trained loyalty-aware, we use
FT-Score to measure the loyalty of all labeled nodes and increase
the training weight of nodes with high loyalty. Specifically, we
propose a novel annealing mechanism for the training weights
of labeled nodes based on their FT-Score. The modified training
weight w; for node v; is computed as follows:
Wi = Wmin + 1(wmax - wmin)(‘1 - Cos(wn))v (10)
2 |vlabeled|

where wyi; and wpg, are hyperparameters used to adjust the
lower and upper bounds of the training weights, respectively,
and Rank(FT(v;)) € [1, [Vjjpeeql] is the FT-Score non-decreasing
rank of node v; among Vj, .- It can be proved that in Eq. (10),
a labeled node with a lower FT-Score will be assigned a lower
training weight, and the modified training weight of each node
will be in the range of [Wmin, Wnax]-

After obtaining the modified training weights, we define the
training loss of the loyalty-aware GNN, which is calculated as
follows:

c
Lioyalty = — Z wj Z Yo, lOg(‘A{Li,k), (11)

i * —
1€V beteqg k=1

where Y is the label of the expanded labeled node set Vj,,.q
(ground-truth for the original labeled nodes, and pseudo labels
for the expanded nodes), and Y| is the predicted soft label of
the loyalty-aware GNN. The difference between the loyalty-aware
GNN objective function (i.e., Eq. (11)) and vanilla GNN objective
function (i.e., Eq. (4)) is that for loyalty-aware GNN, we assign
personalized training weights to each training node according
to its FT-Score, which encourages loyalty-aware GNN to accept
high-quality supervision.

By employing the LoyalDE strategies, we discover and em-
phasize loyal nodes to obtain a loyalty-aware GNN, therefore
achieving superior performance under low-quality supervision.
The overall process of the proposed LoyalDE training strategy is
summarized as Algorithm 1.

4. Experiments

In this section, we evaluate the performance of our proposed
training strategy LoyalDE. Specifically, in Section 4.1, we intro-
duce five public benchmark datasets for the semi-supervised
node classification task. In Section 4.2, we present the used GNNs
and some state-of-the-art training strategies for enhancing GNNs.
In Section 4.3, detailed experimental settings are provided. Sec-
tion 4.4 presents the comparative results of LoyalDE and baselines
on the semi-supervised node classification task. We also conduct
an ablation study and sensitivity analysis in Sections 4.5 and 4.6,
respectively. Moreover, we provide in-depth analyses of the loyal
node discovery and loyal node emphasis in Sections 4.7 and 4.8,
respectively. Furthermore, in Section 4.9, We verify the general-
ization of LoyalDE by transferring it to the graph classification
task. Finally, we analyze the node loyalty distribution of typical
graphs in Section 4.10.
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Algorithm 1 Training GNNs for Semi-supervised Node Classifica-

tion using LoyalDE Strategy.

Input: attributed graph G = (V, &, X), labeled node set Vigpeled,
unlabeled node set Vygpeled, Node label matrix Y, FT-Score
trade-off parameter «, soft label diffusion times K, the
boundary of modified training weights wpi, and wmay.

1: Train vanilla GNN model via optimizing Eq. (4);
2: Employ vanilla GNN to obtain the predicted soft label f(;
3: Conduct K-rounds soft label diffusion to obtain 99 via Eq. (5);

4: Train adaptive scaler via optimizing Eq. (7);

: Obtain personalized scaling temperature T via Eq. (6)

6: Employ personalized scaling temperature T and predicted soft
label Y to compute the scaled soft label f(s

7: Obtain the expanded training set V.. via Eq. (8) and Eq. (9).

wu

8: Compute the FT-Score for each node in the expanded training
set Vigperea Via Eq. (3);
9: Obtain modified weight for each node according to their
FT-Score rank via Eq. (10);
10: Train loyalty-aware GNN model via optimizing Eq. (11);
11: Employ the loyalty-aware GNN model to obtain the predicted
label ?L; )
Output: predicted label Y;.

Table 2

Statistics of the five public benchmark datasets for node classification.
Dataset #Nodes #Features #Edges #Classes
Cora 2708 1433 5278 7
CiteSeer 3327 3703 4552 6
PubMed 19,717 500 44,324 3
CoraFull 19,793 8710 63,421 70
OGB-Arxiv 169,343 128 1,166,243 40

4.1. Datasets

We conduct experiments on five public benchmark datasets,
including Cora, CiteSeer, PubMed, CoraFull, and OGB-Arxiv, to
verify the performance of LoyalDE. These datasets originate from
the commonly used citation networks (Hu et al., 2020; Sen et al.,
2008). Each dataset owns the complete information of the at-
tributed graph (i.e., topological structure, node attributes, and
node labels). Nodes represent documents, and edges represent
reference links. It is worth noting that the OGB-Arxiv dataset is
a directed graph, and we preprocess it into an undirected graph
before GNNs training. Table 2 shows the statistics of the above
datasets.

4.2. Baselines

Since our proposed LoyalDE is a model-agnostic hot-plugging
training strategy for semi-supervised node classification, we se-
lected three representative GNNs as our vanilla GNN model:

e GCN (Kipf & Welling, 2016) This method employs the Cheby-
shev first-order convolutions based on spectral theory to
capture the global graph structure and learn node embed-
dings.

e GAT (Velickovic et al., 2017) This method adaptively adjusts
the learning weight of the central node to different neighbor
information through the learnable attention coefficient to
effectively learn the node embeddings.

e GraphSAGE (Hamilton et al,, 2017) This method samples
a fixed number of neighbors for each central node and
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Table 3
Experimental results of node classification with baselines on the Cora, CiteSeer, PubMed and CoraFull datasets about test accuracy (%).
Dataset Cora CiteSeer PubMed CoraFull
Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
GCN 77.1 79.1 823 66.9 69.3 71.0 747 76.7 798 57.0 58.5 60.7
GCN (Self-Training) 78.5(41.4%) 789—02%) 778(—a5%) 63.6(_33%) 646(_47%) 67.9-31%) 757(+1.0%) 773(+0.6%) 786(—12%) 37.7(+0.7%) 586(+0.1%) 594(—1.3%)
GCN (Co-Training) 719+0.8%) 783(-08%) 812(-1.1%) 702(+33%) 708(4+15%) 720(+1.0%) 803(456%) 822(4+55%) 808(110%) 377(+0.7%) 390(+0.5%) 57-8(-2.9%)
GCN (LoyalDE) 846(17.5%) 835(144%) 855(132%) TMN(442%) 750457%) 741(43.1%) 835(48.8%)  832(16.5%) 833(435%) 595(425%) 604(11.9%) 623(11.6%)
GAT 723 76.9 80.3 65.6 68.8 69.0 74.7 76.9 815 55.8 56.5 58.7
GAT (Self-Training) 68.3(—4.0%) 702(—67%) 730(—53%) 6881329) 648—4.0%) 696(106%) 549-198%) 762-07% 776-39%) 569(+1.1%) 387(+22%) 392(+05%)
GAT (Co-Training) 59+36%) 171(+02%) 80410.1%) 698(142%) 707(119%) 708(118%) 808(161%) BL5(44.6%) 809—06% O563(+05%) 554-13%) 56-5(-22%)
GAT (LoyalDE) 79.6(+7_3%) 81.0(+4_1%) 84.0(+3_7%) 71.8(+5_2%) 7240(_*_3_2%) 72.1(+3_1%) 82.3(+7_5%) 82.1(+5_2%) SZ.G(+1_1%) 5743(_*_1_5%) 59'3(+2.8%) GO.](+1_4%)
GraphSAGE 711 723 733 614 64.4 69.4 67.0 69.5 727 51.1 54.1 55.2
GraphSAGE (Self-Training) - 72.5(y1.4%) 72.2(—0.1%) 71.3(-2.0%) 660(44.6%) 677(433%) 668—26%) ©629-4.1%) 70511.0%) 720-07%) 52.0459%) 57.8(437%) 58.3(43.1%)
GraphSAGE (Co-Training)  73.4(43 3%) 72.7(y0.4%) 733(y0.0%) S71(457%) 7L3(47.1%) ©98(10.4%) 724454%) 761(166%) 29416.7%) 548(437%) 553(+1.2%) 56-1(10.9%)
GraphSAGE (LoyalDE) 772(16.1%) 750+2.7%) 763(4+3.0%) 692(1+7.8%) 739(+95%) 745(+5.1%) 761(+9.1%)  785(19.0%) 807(4s.0%) 580(46.9%) 604(163%) 585(13.3%)
conducts information aggregation. We choose GCN as the Table 4 o ) _ _
aggregator in all experiments. Experimental results of node c}a'ssmcatlon with baselines on the OGB-Arxiv
dataset about test accuracy (%). ‘-: Run more than 24 h.
We further compare the proposed training strategy LoyalDE Dataset OGB-Arxiv
with state-of-the-art training strategies for enhancing GNNs. Brief Loyal proportion 0.0 0.5 1.0
descriptions of these methods are presented below: GCN 54.6 58.9 62.8
GCN (Self-Training) MHU_G%) M(w.s%) 61.1—1.7%)
o Self-Training (Li et al.,, 2018) This approach combines self- GCN (Co-Training) - - -
training with GNNs and expands the training set by collect- GCN (LoyalDE) 62.3(77%) 61.930%) 64.1,13y)
ing the most confident predictions for each class. GAT o 54.1 58.6 63.1
e Co-Training (Li et al., 2018) This approach expands the gﬁ EEZITE?;?:S) ~i‘74-5(+3.4%> ?7'](71-57@ ?2'0(71-1%)
trai.ning set by utilizing random walks to explore the topo- GAT (LoyalDE) 61.7.7.6 60.9,,2.3%) 63.4(,03%)
logical structure of the graph and find the most confident GraphSAGE 535 573 602
nodes for each class. GraphSAGE (Self-Training) 52.7(0.s%) 56.8(_0.:5%) 59.8(_0.4%)
GraphSAGE (Co-Training) - - -
GraphSAGE (LoyalDE) 60.3(+6_3%) 60.1(+2_3%) 63.7(+3_5%)

4.3, Experimental settings

For the reproducibility of experimental results, we fixed the
random seed as 2022 in all experiments. For the Cora, CiteSeer,
and PubMed datasets, the split of validation nodes and test nodes
follows the Planetoid setting (Yang et al., 2016). For the CoraFull
dataset, we randomly sample 500 validation nodes and 1000 test
nodes. For the OGB-Arxiv dataset, the split of validation nodes
and test nodes follows the original default setting. In order to
reveal the influence of the graph supervision loyalty problem,
for all datasets, we sort nodes not in the validation set and test
set according to their FT-Score. Then, for each class, 20 training
nodes are randomly sampled from the top half (as loyal nodes)
and the bottom half (as disloyal nodes) of the FT-Score according
to a certain loyal proportion (i.e., 0.0, 0.5, 1.0). For each vanilla
GNN model (i.e., GCN, GAT, GraphSAGE), we adopt a 2-layer struc-
ture, the dimension of the hidden layer is 64, and the activation
function is ReLu (Agarap, 2018). Moreover, for each dataset, the
learning rate is set to le-2, the maximum number of epochs is
200, and the optimization is realized by the Adam optimizer. For
Cora, CiteSeer, and PubMed datasets, the dropout rate is set to
0.5, and the weight decay is set to 5e-4. For the CoraFull dataset,
the weight decay is set to 5e-3. In addition, for the proposed
LoyalDE training strategy, we introduced four hyper-parameters,
FT-Score trade-off parameter «, soft label diffusion times K, and
boundary of modified training weights wp, and wpgey, in all
experiments, we set « = 0.5, and tune K between 2 and 10, wp,
between 0.2 and 0.5, and wy,qx between 0.7 and 1.0. In addition,
we perform the hyperparameter search for LoyalDE using the
Optuna framework (Akiba et al., 2019), which only contains K,
Wmin and wme. The implementation of all methods is based on
PyG and Pytorch frameworks. All experiments are conducted on a
machine with Intel Xeon Gold 5218R CPU, two GeForce RTX 3090
GPUs, and 250 GB Memory. The operating environment is Ubuntu
22.04, with CUDA 11.8.

724

4.4, Experimental results

The comparative results of the proposed LoyalDE and other
baseline training strategies with several vanilla GNN models are
shown in Tables 3 and 4. Each column in the table represents a
data split. For each data split, we compare the performance of
three vanilla GNNs (GCN, GAT, GraphSAGE) trained using four
different GNN training strategies (vanilla training, Self-Training,
Co-Training, and LoyalDE). We indicate the best-performing train-
ing strategy for each vanilla GNN model in bold and the sub-
optimal performance in underline. Additionally, we report the im-
provement or decrease in performance for each training strategy
compared to vanilla GNNs as subscripts. Moreover, We provide
the detailed settings corresponding to each result in Appendix A.

It can be observed that for each dataset, the performance
of vanilla GNNs gradually improves as the proportion of loyal
nodes in the training set increases, which again illustrates the
significant impact of the graph supervision loyalty problem on
the semi-supervised node classification. After employing the pro-
posed LoyalDE training strategy, the performance of the GNNs
outperforms vanilla training consistently. Particularly, LoyalDE
brings up to 9.1% performance improvement to vanilla GNNs
on the PubMed dataset. Moreover, after performing LoyalDE, the
performance of GNNs is no longer as sensitive to the proportion
of loyal nodes in the training set as vanilla training. This reveals
that through our loyal node discovery and emphasis strategy,
potential loyal nodes are injected into the original training set,
and the model performance can indeed be improved by adjusting
the training weights of loyal nodes.

Compared with the other two training strategies, it can be
found that LoyalDE always maintains superior performance. It
is worth noting that for extreme cases, when all nodes in the
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Table 5
Ablation study on the Cora and CiteSeer datasets about test accuracy (%).
Dayaset Cora CiteSeer
GNN model GCN GAT GraphSAGE GCN GAT GraphSAGE
Loyal proportion 0.0 0.5 1.0 00 05 1.0 00 05 1.0 00 05 1.0 00 05 1.0 00 05 1.0
wjo Discovery 796 800 820 773 804 823 695 704 698 677 723 735 660 676 699 630 693 677
wj/o Emphasis 812 807 824 754 777 817 737 726 726 687 736 714 685 705 713 643 704 68.0
LoyalDE 846 835 855 796 810 840 772 750 763 711 750 741 718 720 721 692 739 745
0.90 - modify the training weights of each node in V},,,, according
=%~ Loyal Proportion =0.0 to Eq. (10), the objective function is the vanilla cross-entropy
-4~ Loyal Proportion = 0.5 * ..
~#- Loyal Proportion 1.0 loss on Vj, ... Whose labels are ground-truth for the original
0881 . labeled nodes, and pseudo labels for the expanded nodes. The
o other experimental settings for the ablation study are the same
g as the settings introduced in Section 4.3 and Appendix A. The
S 0.86 . . .
5 A experimental results of the ablation study are shown in Table 5.
<lt) mT "““}_‘: ™ e From the experimental results, for different vanilla GNNs, both
084 I S e S o« B A B 4 removing the loyal node discovery phase and the loyal node
&= ::;,f-{ - /*----4\__* 1 emphasis phase will lead to different degrees of performance
B e * degradation of the LoyalDE training strategy. For the Cora dataset
0.821 with the GCN model, removing the loyal node discovery phase
leads to a performance drop of 3.5%~5.0%; Removing the loyal
node emphasis phase leads to a performance drop of 2.8%~3.4%.
B T T I Y For the CiteSeer dataset with the GCN model, removing the loyal
K node discovery phase leads to a performance drop of 0.6%~3.4%;

Fig. 4. Sensitivity analysis about the soft label diffusion times K.

training set are disloyal nodes, LoyalDE achieves 6.1%~7.5% per-
formance improvement on the Cora dataset, while Co-Training
only brings 0.8%~3.6% improvement, which is the suboptimal
method in most cases. Moreover, Self-Training and Co-Training
have a limited or even negative impact on model training in
certain cases (e.g., GAT on the PubMed and CoraFull datasets with
0.0 loyal proportion). Since Self-Training discovers potential high-
confidence unlabeled nodes by utilizing the model’s prediction,
we argue that when the quality of the labeled nodes is poor,
the predicted soft label is likely to be wrong, which will bring
label noise. Moreover, Co-Training employs random walks to dis-
cover potential high-confidence unlabeled nodes near the labeled
nodes. We argue that the poor local homophily around disloyal
nodes will also lead to the random walks injecting label noise
to model training. Furthermore, for large-scale graph datasets
like OGB-Arxiv, Co-Training cannot complete the training in the
stipulated time limit, as it requires large-scale matrix inversion
operation. In contrast, LoyalDE can still achieve efficient perfor-
mance within a short time, indicating its scalability. Moreover,
the primary source of computational overhead in LoyalDE arises
from the calculation of the FT-Score for each node, but this can
be preprocessed to reduce computation.

4.5. Ablation study

In this section, we conduct an ablation study to investigate
each component’s importance in LoyalDE. As mentioned above,
LoyalDE can be divided into the loyal node discovery phase and
the loyal node emphasis phase. Therefore, we remove the loyal
node discovery phase (w/o Discovery for short) and the loyal
node emphasis phase (w/o Emphasis for short), respectively, and
compare their test accuracy with the completed LoyalDE on Cora
and CiteSeer datasets with three vanilla GNNs. Specifically, for
w/o Discovery, we simply conduct the loyal node emphasis to
the original training sets Vigpeleq instead of the expanded training
set Vi p.eq Obtained by Eq. (9); For wjo Emphasis, we do not
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Removing the loyal node emphasis phase leads to a performance
drop of 1.4%~2.7%. This reveals that both these two components
have a non-negligible impact on the performance of LoyalDE.

4.6. Sensitivity analysis

In this section, we design sensitivity analysis to verify the
effect of different hyperparameter combinations on the perfor-
mance of the proposed LoyalDE. We employ GCN as the vanilla
GNN model and conduct experiments on the Cora datasets with
three different loyal proportions of the training set (i.e., 0.0, 0.5,
1.0).

First, to investigate the sensitivity of the loyal node discovery
phase, we fiX wy;;, and wngy to the settings corresponding to the
best results, and tune K between 2 and 10. The test accuracy
on the Cora dataset with different loyal proportion are shown
in Fig. 4. Experiments reveal that although the performance of
LoyalDE fluctuates with the variation of soft label diffusion times
K, it still tends to be stable between 82.0%~85.0%, demonstrating
that LoyalDE is insensitive to the value of K and has strong
robustness.

Then, to investigate the sensitivity of the loyal node emphasis
phase, we fix the soft label diffusion times K to the settings
corresponding to the best results and tune wy; between 0.2
and 0.5, and wpe between 0.7 and 1.0. The results of different
loyal proportions on the Cora dataset are shown in Fig. 5. The
experimental results demonstrate that LoyalDE is insensitive to
changes in wpi, and wyq. The performance variation of LoyalDE
is stable within 3.0% despite varying the combinations of values
of wpi, and wy,qx, demonstrating that our proposed FT-Score can
effectively measure the labeled node loyalty, and the proposed
annealing mechanism can robustly adjust the training weights of
all labeled nodes. At the same time, it also reveals that the loyal
node emphasis phase can greatly promote GNNs to learn to a
certain extent according to the loyalty of labeled nodes and keep
the performance at a fairly high level.

In conclusion, the proposed training strategy LoyalDE is insen-
sitive to all these hyperparameters and holistically robust.
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Fig. 6. Effectiveness analysis of loyal node discovery.

4.7. Analysis of loyal node discovery

In this section, we utilize experiments to evaluate the effec-
tiveness of the loyal node discovery phase. As mentioned earlier,
in the loyal node discovery phase, we train an adaptive scaler
to obtain personalized scaling temperature t; for each node v;,
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Table 6
The average FT-Score of the original/expanded training sets of Cora
and CoraFull datasets.
Dataset Avg. FT-Score (ori.) Avg. FT-Score (exp.)
Cora 1.77 322
CoraFull 2.28 3.10

which will enhance the confidence of loyal nodes, while weaken-
ing the confidence of disloyal nodes. Finally, the scaled soft label
will be used to expand the training set.
We use GCN as the vanilla GNN model and conduct experi-
ments on the Cora dataset with a 0.0 loyal proportion. At each
training epoch of the adaptive scaler before the convergence,
we use the adaptive scaler to calculate the personalized scaling
temperature and expand the training set, and report the average
FT-Score of the expanded training set in Fig. 6(a). Meanwhile, the
training loss of the adaptive scaler is also presented in Fig. 6(b). As
observed, the average FT-Score of the original training set is 1.77.
If we simply use the soft label without adaptive scaling to expand
the training set, the FT-Score will only increase to 2.09. This is
because the original training set contains many disloyal nodes.
Therefore, the confidence in vanilla GNN is high for many disloyal
nodes. In contrast, our proposed adaptive scaler encourages the
confidence of loyal nodes and weakens the confidence of disloyal
nodes. After the training converges, the average FT-Score of the
expanded training set gradually increases to 3.22. Experimental
results demonstrate that the proposed loyal node discovery phase
can effectively discover potential loyal nodes and improve the
quality of supervision information.

Furthermore, we compare the training set average FT-Score
improvements brought by the loyal node discovery phase for the
Cora and CoraFull datasets with 0.0 loyal proportion. Specifically,
the average FT-Score of the original training set Vigpereq is denoted
as Avg .FT — Score(ori), and the average FT-Score of the expanded
training set Vj, .4 is denoted as Avg.FT — Score(exp). The exper-
imental results are shown in Table 6. As observed, for the Cora
dataset (which has 7 classes), the loyal node discovery phase im-
proves the average FT-Score of the training set from 1.77 to 3.22
(almost doubled). In contrast, for the CoraFull dataset (which has
70 classes), the loyal node discovery phase improves the average
FT-Score of the training set from 2.28 to 3.10 (slightly improved).

Since a higher average FT-Score improvement indicates that the
loyal node discovery phase contributes more loyal nodes to the

training set, we argue that it is more challenging to discover loyal
nodes in graphs with more classes.
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4.8. Analysis of loyal node emphasis

As mentioned earlier, the loyalty node emphasis phase aims
to train a loyalty-aware GNN, which focuses on receiving high-
quality supervision from loyal nodes to obtain well-learned node
representations. In this section, we investigate the difference
between the loyalty-aware GNN and the vanilla GNN in handling
disloyal test nodes.

Since disloyal test nodes have poor local homophily, their
predicted soft label should be different from their neighbors if
the GNN is well-trained to distinguish these nodes. Therefore, for
each disloyal test node, we compute the average of the predicted
soft label similarity between it and each of its neighbors with
different labels. We denote this as the heterophily similarity (HS).
Formally, HS of node v; is computed as follows:

7.3,

—_— (12)
Yl 1Yl

1
HS(u) = 75 D 1(Yi £ Y))

JeN;

where Y; is the ground-truth of node v;, ?i is the predicted soft
label of node v;, and 1(-) is the identity function. Notably, different
GNN models will output different predicted soft labels, leading
to different HS values for the same central node. Furthermore, a
lower HS value indicates that the soft label of the central node
can be distinguished from the soft label of its neighbors with
different classes. In other words, the GNN model which has lower
HS values is well-learned.

We use GCN as the vanilla GNN model and conduct experi-
ments on the Cora dataset with a 0.0 loyal proportion. Specifically,
we randomly select five nodes from the FT-Score bottom half of
the test node set (i.e., disloyal test nodes). Then, we report the HS
values of these nodes every 20 epochs during the training process
of the vanilla GNN and the loyalty-aware GNN, respectively. The
experimental results are shown in Fig. 7. As observed, for disloyal
test nodes, loyalty-aware GNN always achieves lower HS values
than vanilla GNN, which demonstrates that loyalty-aware can
effectively distinguish disloyal test nodes from their neighbors
with different labels.

4.9. Generalization

As graph supervision loyalty is a general problem in graph
machine learning, it is natural to consider transferring LoyalDE to
the graph classification task with slight modifications. We provide
a detailed explanation and algorithm for the transferred LoyalDE
in Appendix B.

We conduct experiments on three benchmark graph classifi-
cation datasets, including PROTEINS, ENZYMES (Borgwardt et al.,
2005), and MUTAG (Debnath et al, 1991). All these datasets
originate from the biochemical field. Each dataset contains mul-
tiple graphs with graph labels. Table 7 shows the statistics of
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Table 7
Statistics of the three public benchmark datasets for graph classification. ‘~’
denotes the average number.

Dataset #Graphs #Nodes #Edges #Features #Classes
PROTEINS 1113 ~39.1 ~145.6 3 2
ENZYMES 600 ~32.6 ~124.3 3 6
MUTAG 188 ~17.9 ~39.6 7 2

Table 8

Experimental results of graph classification on the PROTEINS, ENZYMES, and
MUTAG datasets about test accuracy (%).

Dataset PROTEINS ENZYMES MUTAG
GCN 69.7 27.5 80.2

GCN (LoyalDE) 70.6(+g_9%) 32.1(+445%) 85.5(+5_3%)
GAT 69.9 24.1 82.9

GAT (LoyalDE) 70.4(10.5%) 25.0(+0.9%) 89.5(46.6%)
GraphSAGE 713 245 77.6
GraphSAGE (LoyalDE) 71.7(+g_4%) 26.3+(1(3%) 81.6(+4_0%)

the above datasets. For all datasets, we employ one-layer GCN,
GAT, and GraphSAGE as our GNN model, connected with three
fully connected layers, all the hidden layer dimensions are set
to 64, and we adopt mean pooling as our READOUT function.
Moreover, for all datasets, the training, validation, and test set are
randomly sampled according to the ratio of 0.2: 0.4: 0.4. The other
experimental settings are the same as the node classification task
settings presented in Section 4.3.

The experimental results are presented in Table 8. We also
provide the detailed settings corresponding to each result in
Appendix A. It can be found that the transferred LoyalDE training
strategy consistently improves the performance of GCN on the
graph classification tasks. It is worth noting that LoyalDE has
a significant improvement on the MUTAG dataset (up to 6.6%).
This further demonstrates that the graph supervision loyalty is a
generality problem and the LoyalDE training strategy can signifi-
cantly improve the performance of GNNs in multiple downstream
tasks.

4.10. Node loyalty distribution of typical graphs

In this section, we briefly explore the statistical characteristics
of node loyalty of typical graphs, aiming to answer this question:
for a typical graph, do most nodes tend to be loyal?

We conduct experiments on the Cora, CiteSeer, PubMed, Cora-
Full, and OGB-Arxiv datasets. Specifically, for each dataset, we
divide the FT-Score of all nodes into 1000 sub-intervals at equal
intervals and count the number of nodes in each sub-interval. The
experimental results are shown in Fig. 8. The x-axis represents
FT-Score, and the y-axis represents the number of nodes in each
sub-interval. Experimental results demonstrate that for a typical
graph, the FT-Score (loyalty) of most nodes is at a low value, and
as FT-Score (loyalty) increases, the number of nodes decreases
significantly. In other words, most nodes tend to be disloyal.

5. Conclusion

In this paper, we investigate the graph supervision loyalty
problem. To the best of our knowledge, we are the first to define
the graph supervision loyalty problem and demonstrate its effect
on the performance of GNNs. To this end, we devise a novel node
loyalty measure FT-Score, which considers both the topology
and feature similarity of a node. Moreover, we propose a novel
model-agnostic hot-plugging training strategy LoyalDE, which
can discover and emphasize potential nodes with high loyalty
during model training to improve the performance of GNNs. The
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Fig. 8. FT-Score distribution of five datasets under « = 0.5.

:ll:?lglzvi:rage FT-Score of the training set on the Cora and CiteSeer datasets. :ll:;l;lzv?r)age FT-Score of the training set on the PubMed and CoraFull datasets.
Dataset Cora CiteSeer Dataset PubMed CoraFull
Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0 Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0
Avg. FT-Score 1.77 3.23 5.07 1.27 2.46 3.06 Avg. FT-Score 3.64 5.60 7.85 2.28 4.49 6.43
Table 11
The average FT-Score of the training set on the OGB-Arxiv dataset.

experimental results on the semi-supervised node classification

task demonstrate that LoyalDE significantly improves the perfor- Dataset OGB-Arxiv
mance of GNNs and outperforms several state-of-the-art training Loyal proportion 0.0 0.5 1.0
strategies for enhancing GNNs’ performance. Furthermore, we Avg. FT-Score 3.00 5.49 18.07
transfer the LoyalDE to the graph classification task and verify its
generalization. Table 12
Hyperparameter settings that obtain the best results of LoyalDE on the Cora and
. . . CiteSeer datasets with GCN model.
Declaration of competing interest Dataset Cora CiteSeer
Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0
We declare that we have no financial and personal relation- K 7 7 3 10 7 3
ships with other people or organizations that can inappropriately Winin 0.20 0.25 0.25 025 0.35 0.25
influence our work, there is no professional or other personal Wimax 080 085 085 080 100 080
interest of any nature or kind in any product, service, or company
that could be construed as influencing the position presented in, Table 13
or the review of, the manuscript entitled. Hyperparameter settings that obtain the best results of LoyalDE on the PubMed
and CoraFull datasets with GCN model.
Dataset PubMed CoraFull
Data availability Loyal proportion 0.0 05 10 0.0 05 10
K 9 10 4 2 2 2
Data will be made available on request. Winin 0.30 0.50 0.45 0.45 0.30 0.45
Winax 0.80 0.80 0.85 1.00 0.85 0.85
Acknowledgments
Table 14
Hyperparameter settings that obtain the best results of LoyalDE on
We are grateful to the anonymous referee, who made valuable the OGB-Arxiv dataset with GCN model.
suggestions to help improve the paper. This paper was supported Dataset OGB-Arxiv
by the Shandong Provincial Natural Science Foundation, China Loyal proportion 0.0 0.5 1.0
(ZR2020MAO064). K 5 4 6
Winin 0.25 0.20 0.35
Winax 0.80 0.80 0.85
Appendix A. Details about datasets and experiments
For the node classification task, we split the Cora, CiteSeer, Table 15

Hyperparameter settings that obtain the best results of LoyalDE on the Cora and

PubMed, CoraFull, and OGB-Arxiv datasets according to the loyal CiteSeer datasets with GAT model.

proportion of 0.0, 0.5, and 1.0. For the split data, the average FT-

S f the traini tis sh in Tables 9. 10. 11. In additi Dataset Cora CiteSeer
core of the training set is shown in Tables 9, 10, 11. In addition, )

e . . Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0
we verified the effectiveness of LoyalDE on the three vanilla GNN < vel prop 5 > > 5 m >
models, 1n§lud1ng GCN, GAT, and GraphSAGE. Thg parameters Wi 0.30 025 030 025 030 035
corresponding to the best performance are shown in Tables 12, Winax 0.85 1.00 0.90 0.90 0.85 0.80

13, 14, 15, 16, 17, 18, 19, 20.

For the graph classification task, we split the PROTEINS, EN-
ZYMES, and MUTAG datasets according to the fixed train-valid-
test split ratio (0.2:0.4:0.4). We verified the effectiveness of the
transferred LoyalDE on three vanilla GNN models, including GCN,
GAT, and GraphSAGE. The parameters corresponding to the best For the graph classification task, since each training/test sam-
performance are shown in Tables 21, 22, 23. ple is an entire graph instead of a single node, there is no need

Appendix B. Explanation and algorithm of transferred LoyalDE
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Table 16
Hyperparameter settings that obtain the best results of LoyalDE on the PubMed
and CoraFull datasets with GAT model.
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Table 23
Hyperparameter settings that obtain the best results of transferred LoyalDE on

Dataset PubMed CoraFull the PROTEINS, ENZYMES, and MUTAG datasets with GraphSAGE model.
Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0 Dataset PROTEINS ENZYMES MUTAG
K 10 6 3 2 2 2 Winin 0.45 0.20 0.35
Winin 0.35 0.45 0.40 0.40 0.40 0.35 Wingx 0.85 0.95 0.80
Winax 0.85 0.85 0.95 1.00 0.85 0.80
:lable 17 o that obtain the b 165 of LovalDE entire graph as the graph’s loyalty. The average FT-Score of graph
yperparameter settings that obtain the best results of LoyalDE on _ : PRI .
the OGB-Arxiv dataset with GAT model. G = (v, &, X) is denoted as FT(G), which is computed as follows:
Dataset OGB-Arxiv ~ 1 XiX; [N: N
Loyal proportion 0.0 0.5 1.0 FT(C) = m Z Z * [1%:1] 11| +(1=a) N UN| (13)
i€V jeN; ! J ! J
K 7 4 5 . . o
Wanin 0.35 0.25 0.35 where « is the trade-off parameter to perform linear weighting
Winax 0.90 0.85 0.80 on feature similarity and topology similarity. Then, the graphs
with a higher average FT-score (higher average node loyalty) will
Table 18 be given larger training weights. The modified training weight of

Hyperparameter settings that obtain the best results of LoyalDE on the Cora and
CiteSeer datasets with GraphSAGE model.

Dataset Cora CiteSeer

Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0

K 10 3 10 10 10 3

Winin 0.25 0.30 0.20 0.30 0.25 0.20

Winax 1.00 1.00 0.85 0.85 0.85 0.90
Table 19

Hyperparameter settings that obtain the best results of LoyalDE on the PubMed
and CoraFull datasets with GraphSAGE model.

Dataset PubMed CoraFull
Loyal proportion 0.0 0.5 1.0 0.0 0.5 1.0
K 10 3 6 2 2 3
Wnin 0.35 0.20 0.35 0.40 0.25 0.20
Wmnax 1.00 0.95 0.80 1.00 0.80 0.80
Table 20
Hyperparameter settings that obtain the best results of LoyalDE on
the OGB-Arxiv dataset with GraphSAGE model.
Dataset OGB-Arxiv
Loyal proportion 0.0 0.5 1.0
K 6 5 8
Win 0.45 0.20 0.45
Winax 0.90 0.80 0.85
Table 21

Hyperparameter settings that obtain the best results of transferred LoyalDE on
the PROTEINS, ENZYMES, and MUTAG datasets with GCN model.

Dataset PROTEINS ENZYMES MUTAG

Winin 0.35 0.25 0.45

Winax 0.90 0.80 0.85
Table 22

Hyperparameter settings that obtain the best results of transferred LoyalDE on
the PROTEINS, ENZYMES and MUTAG datasets with GAT model.

Dataset PROTEINS ENZYMES MUTAG
Wiin 025 0.30 0.25
Wnax 0.90 0.80 0.80

to employ the loyal node discovery phase to expand the training
node set. However, we can still encourage GNNs to obtain high-
quality supervision from loyal nodes. Thus, we modified our loyal
node emphasis phase to adapt to the graph classification task.
Specifically, we compute the average FT-score of all nodes in an
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labeled graph G; is computed as follows:

Wi = Wmin + %(wmax — Win (1 — w
|Grabetedl

where wpin and wmex are hyperparameters used to adjust the
lower and upper bounds of the training weights, Rank(FT(G;)) €
[1, |G} peieql] is the average FT-Score non-decreasing rank of graph
G; among labeled graph set Gigpeled-

Finally, the objective function of GNNs for graph classification
is calculated as follows:

C
Loc = — Z wi Z Yik log(?i,k),

i€Glgbeled k=1

7)), (14)

(15)

where C is the number of graph classes, Y is the ground-truth,
and Y is the predicted soft label of GNNs.

The algorithm of transferred LoyalDE for the graph classifica-
tion task is presented in Algorithm 2.

Algorithm 2 Training GNNs with LoyalDE Strategy on the Graph

Classification Task.

Input: attributed graph set G, labeled graph set Gigpeleq, Unlabeled
graph set Guniapeled, graph label matrix Y, FT-Score trade-off
parameter «, the boundary of modified training weights wyi,
and wygy.

1: Compute the average FT-Score for each labeled graph via Eq.
(13);

2: Obtain modified weight for each labeled graph according to
their average FT-Score rank via Eq. (14);

3: Train GNN model via optimizing Eq. (15);

4: Employ the GNN modfel to obtain the predicted graph label ?;

Output: predicted label Y.
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