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Abstract

Graph Neural Networks (GNNs) have shown superior performance in node clas-
sification. However, GNNs perform poorly in the Few-Shot Node Classification
(FSNC) task that requires robust generalization to make accurate predictions for
unseen classes with limited labels. To tackle the challenge, we propose the integra-
tion of Sharpness-Aware Minimization (SAM)—a technique designed to enhance
model generalization by finding a flat minimum of the loss landscape—into GNN
training. The standard SAM approach, however, consists of two forward-backward
steps in each training iteration, doubling the computational cost compared to the
base optimizer (e.g., Adam). To mitigate this drawback, we introduce a novel
algorithm, Fast Graph Sharpness-Aware Minimization (FGSAM), that integrates
the rapid training of Multi-Layer Perceptrons (MLPs) with the superior perfor-
mance of GNNs. Specifically, we utilize GNNs for parameter perturbation while
employing MLPs to minimize the perturbed loss so that we can find a flat mini-
mum with good generalization more efficiently. Moreover, our method reutilizes
the gradient from the perturbation phase to incorporate graph topology into the
minimization process at almost zero additional cost. To further enhance train-
ing efficiency, we develop FGSAM+ that executes exact perturbations periodi-
cally. Extensive experiments demonstrate that our proposed algorithm outperforms
the standard SAM with lower computational costs in FSNC tasks. In particu-
lar, our FGSAM+ as a SAM variant offers a faster optimization than the base
optimizer in most cases. In addition to FSNC, our proposed methods also demon-
strate competitive performance in the standard node classification task for het-
erophilic graphs, highlighting the broad applicability. The code is available at
https://github.com/draym28/FGSAM_NeurIPS24

1 Introduction

Graph Neural Networks (GNNs) have received significant interest in recent years due to their powerful
ability in various graph learning tasks, e.g., node classification. Numerous GNNs have been developed
accordingly [20, 135} 16l [15]. Despite their successes, GNNs, like traditional neural networks, tend to
be over-parameterized, often requiring extensive labeled data for training to ensure generalization.
However, in real-world networks, many node classes have few labeled instances, which can lead
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to GNNs overfitting, resulting in poor generalization in these limited labeled classes. Recently,
an increasing amount of research is focusing on developing superior GNNS, e.g., Meta-GCN [42],
AMM-GNN [37]], GPN [8]] and TENT [38]], for Few-Shot Node Classification (FSNC) which aims to
classify nodes from new classes with limited labelled instances.

Intuitively, training GNNs for FSNC requires robust model generalization ability for recognizing
unseen classes from a small number of labelled examples. Motivated by the success of the recently
proposed Sharpness-Aware Minimization (SAM) for improving models’ generalization in the vision
domain [12], we suggest incorporating SAM into training GNNs for addressing FSNC tasks. The
core idea of SAM is to perturb the model parameters to find flat minima of the loss landscape,
thereby making the model more generalizable. However, a key drawback of SAM is that it requires
executing two forward-backward steps to complete one optimization step, resulting in twice the time
consumption compared to general optimizers like Adam. Some works [9} 23| [10] have been proposed
to accelerate SAM, but none of them are crafted for graphs, i.e., not leveraging the graph properties
for accelerating SAM.
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the cost of dropping graph topology information during minimizing the perturbed loss. Interestingly,
we find that the gradient computed in parameter perturbation can be reused when minimizing loss to
explicitly reintroduce topology information with negligible extra cost. Moreover, we can add back
MP during inference to improve performance. To further reduce the computational cost, we propose
FGSAM-+ which conducts an exact FGSAM-update at every k steps. As shown in Fig.[l} empirical
results in FSNC tasks show that our proposed FGSAM and FGSAM+ methods outperform both
Adam and SAM, and meanwhile FGSAM+ is even faster than Adam. In addition, we evaluate the
proposed methods in node classification, showing strong results, especially in heterophilic graphs
which are known to be challenging for GNNs [30, [7]]. This indicates that our proposed methods can
effectively improve the GNN'’s generalization capability for better performance.

The contributions of this paper can be summarized as follows.

* We study the application of SAM in FSNC tasks.

* We propose FGSAM that improves generalization in an efficient way by leveraging GNNs for
sharpness-aware perturbation parameters and employing MLPs to expedite training.

* We further propose an enhanced version named FGSAM+, which conducts the actual FGSAM
at every k steps and approximates it in the intermediate steps.

* We demonstrate strong empirical results of the proposed methods across tasks.

2 Preliminary

Graph Neural Networks. Let G = (V, £) denotes an undirected graph, V = {v; }!_; is the node
setand £ C V x Vis the edge set. A € R™*" is the adjacency matrix. Let X = {x;}7_, € R"xd
be the initial node feature matrix, where dy is the initial dimension, and Y = {y;}", € R"*¢
denotes the ground-truth node label matrix, where C' denotes the number of classes and y; is the
one-hot encoding of node v;’s label y;. Let H(X) be the output of the last layer of an L-layer GCN,
the prediction probability matrix Y = softmax (FL(")) is the final output of node classification.

Few-Shot Node Classification. In the FSNC task, the entire set of node classes C can be divided into
two disjoint subsets: base classes set Cpase and novel classes set Cpovel, Such that C = Cpyge U Cpovel and
Chase N Chovel = @. There are sufficient labeled nodes in Cp,se, While there are only a limited number
of labeled nodes in C,ove;- FSNC task aims to learn a model using the sufficient labeled nodes from
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Figure 2: (a): Loss landscape visualization of GNN across tasks and optimizers. (b): Loss of GNN,
MLP and its PeerMLP on the test set over the training process. In these experiments, MLP and
PeerMLP share the same weight space as GNN but are trained without message-passing.

Chase, enabling it to accurately predict unlabeled nodes (i.e., query nodes Q) in Cygvel, With limited
labeled instances (i.e., support nodes S) from Coyel-

Sharpness-Aware Minimization (SAM). SAM [12] is an effective method to improve model’s
generalization. Let Dy, = {(x;,y;)}?_; be the training dataset, following distribution D. Given a
model parameterized by w and a commonly used loss function (e.g., cross-entropy loss) ¢, instead
of directly minimizing training loss Lp, (w) = % Sor Ui, yi; w), SAM aims to minimize the
population loss Lp(w) = E (4 )~p[l(x,y; w)] by minimizing the vanilla training loss as well as
the loss sharpness (i.e., find parameters whose neighbors within the £, ball also have low training
loss Lp,) as follows:

w* = arg min { ”nﬁai( [Lp, (w+€) — Lp, (w)] + Lp, (w) + >\||w\|§}
* ”‘p )
— arg min { max Lp,(w+e) + )\Hw||§},
w Ellp>p
where p is the radius of the £, ball, and p > 0 (usually p = 2). In this way, the model can converge to
flat minima in loss landscape (w™), making the model more generalizable [[12]. For efficiency, SAM
applies first-order Taylor expansion and classical dual norm problem to obtain the approximation:

N v'uwC'D (w)
€ = p—i——— ~argmax Lp, (w + €). )
IVwLp, (W) e, <p
Finally, SAM computes the gradient w.r.t. perturbed model w + € for update w in Eq. (I):
Vi |\§|\la§p Lo, (w+€) = VyLlp, (w+ €) & Viulp, (W)|wte 3)

Additional Related Works. The effectiveness of SAMs and its variants have been widely verified in
computer vision area [[12} 121} 923,143} 110, [1]]. Specifically, LookSAM [23] speeds up the SAM by
periodically conducting exact perturbation, and Sharp-MAML [1] firstly focusing on meta-learning
tasks. However, there is limited work on developing SAM for graphs. WT-AWP [39] is the first
SAM-like work that applied to GNN and gives a theoretical analysis of generalization bound on
graphs. Compared to these works, our proposed FGSAM is crafted for graphs by its unique property,
enabling the first SAM-like algorithm that can be faster than the base optimizer. Our work also shares
some similarities with existing works [17,140]] that explore the connection between GNNs and MLPs.
However, they attributed the claim that introducing MP to MLP can improve performance during
evaluation to the powerful generalization ability of MP. In contrast, we prove that for the linear case
with synthetic graphs, whether there is MP or not, both will converge to the same optimal solution,
taking a solid step toward understanding the underlying reasons.

3 Methodology

In this section, we propose Fast Graph Sharpness-Aware Minimization (FGSAM), an efficient version
of SAM for GNNs, aiming to reduce the training time when using SAM in FSNC tasks while
improving model’s generalization.

3.1 Motivating Analysis

SAMs are a series of new general training scheme used to improve the model’s generalization, thus it
is intuitive to use SAM in FSNC tasks. However, there is no work studying how to apply SAM to
FSNC tasks. So our first question is: Q1: Can SAM benefit few-shot node classification tasks?



Table 1: Time consumption of 200 episodes training (sec.) of baseline w/ and w/o MP (only consider
feed-forward and -backward).

CoraFull DBLP ogbn-A
Bseline Backbone 5N3K 10N3K 5N3K 10N3K 5N3K  10N3K

GNN 9.56 9.38 17.61 17.50  41.09  40.96
PeerMLP  1.11 1.17 1.35 1.54 1.02 1.17

Meta-GCN

A key property of FSNC is that the GNNs need to be generalized to unseen classes (i.e., novel classes),
and the GNNs often converge to a relatively low loss on the training set, but the final performance
depends on the GNNs’ generalization ability. To demonstrate this intuitively, we plot the GNN’s loss
landscape of novel classes under the FSNC setting and of the test set under the NC setting (Fig. [2a),
following previous work [22]]. The loss landscape of GNN under the FSNC setting is sharp and not
smooth, with many local minima, in contrast to the flat and smooth loss landscape of GNN under the
NC setting. This to some extent indicates that the FSNC setting poses a greater challenge to GNNS,
which is consistent with our prior knowledge. Hence, applying SAM-like techniques can intuitively
improve the generalization of GNN and enhance its performance.

However, another problem arises: training GNN on FSNC is already slow, and the core drawback of
SAM is that it requires twice the training cost compared to Adam or SGD. Q2: Can we find a way
to reduce the SAM training cost based on GNN properties?

It is well known that the training speed of GNNss is slower than MLPs, mainly due to the notorious
MP that causes significant time consumption, yet MP is essential for improving GNN performance.
Removing the MP from GNNs fen, ({X, A}; w) turns them into MLPs fu,(X; w), which is an
intriguing connection. As shown in Tab. [I|and Fig.[2b] MLPs without the burden of MP demonstrate
a substantial training time advantage under the same settings as GNNs and can achieve nearly the
same performance as GNNs on the training set, however, they perform significantly worse on the test
set, revealing their poor generalization performance.

Inspired by previous work [17], it is appealing to remove MP during training, but reintroduce it in
inference (PeerMLP). Although reintroducing MP after training can improve the performance, it still
cannot surpass GNNs’ (Fig. 2b). This may be because of the lack of graph topology information in
training. Hence, we propose minimizing training loss on PeerMLPs but minimizing the sharpness
according to GNNSs, implicitly incorporating the graph topology information in training. This allows
the model to quickly converge to the vicinity of local minima and further converge to flat GNN local
minima through a GNN’s sharpness-aware approach. By doing so, we not only introduce SAM to
enhance the model’s generalization ability and the information w.r.t graph topology but also leverage
the intriguing connection between MLPs and GNNs to improve training speed.

3.2 FGSAM

We elaborate our proposed method Fast Graph Sharpness-Aware Minimization (FGSAM). For
the ease of reference, Fig. [3_3] visualizes the framework of FGSAM, so does to its enhanced version
FGSAM+. There are two forward-backward steps in the FGSAM-update.

Step 1: Graph sharpness-aware perturbation. The first forward-backward step is served for
computing the maximum perturbation € (Eq. (2)), where we propose to perturb parameters with MP

GNN), i.e.,
( ), 1.e i, gem _, VuwLlg(W; fen) _ VL (fen(G;w),Y) @
6] = TV wlo(w: )]~ TV L fn G 0). Y]

Step 2: Minimizing perturbed loss. We propose to minimize the perturbed loss by removing the
MP (PeerMLP) to speed up training, i.e.,

w* = argmin Lx (w + € fmp) = argmin L( fmp(X;w + €),Y)
w w

A 5
= argmin L(fem(G = {X,I};w +¢€),Y). ®

It is clear that minimizing the loss on PeerMLPs is equivalent to minimizing the loss on GNNs
ignoring the topology information. As demonstrated in Sec. [3.1] intuitively the proposed approach
can make model convergence near the local minima easily due to the connection between MLPs and
GNNs, and perturbing parameters with MP can find the good flat minima of GNNs (see Fig. [2a).

Reintroducing Graph Topology in Minimization with Free Lunch. While reintroducing the MP
in evaluation can improve performance, its absence during the minimization process may result in
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Figure 3: Left (a): The solid line indicates that the gradient is computed on the corresponding
model, while the dashed line indicates the opposite. Right (b): The difference of gradients (i.e.,
lgs+1 — g¢l|2). It can be seen that g,, and gg change much slower than g5 and gy, across the training
process, thus can be reused in the intermediate steps.

sub-optimal results. Incorporating MP directly into the minimization is computationally expensive,
leading us to employ MLP to minimize the perturbed loss. Fortuitously, the gradient w.r.t. MP
is computed during the perturbation step, offering an opportunity for computational savings. We
propose to capitalize on the already available gradient information from the first step by reusing it in
the optimization procedure, as formalized in the following optimization target:

w* = arg min {)\ X Lg(w; fom) + Lx(w + € fmlp)}, A>0. 6)

This formulation implies that the computational cost of involving MP in the optimization is mitigated
since the forward and backward passes are precomputed in the initial step. Thus, we effectively inte-
grate graph topology into the minimization process almost without incurring additional computational
expense, akin to receiving a free lunch. See detailed FGSAM in Algorithm ]

Adaptation to MAML Models. Model-Agnostic Meta-Learning (MAML) [11]] is widely used in
FSNC tasks [8l [38]], involving two separate update steps in one MAML-update: i) pre-training for
learning task-relevant knowledge, and ii) meta-update for task-irrelevant update. This is different from
standard gradient descent. Hence for integrating the FGSAM into the MAML models, we propose
treating the MAML-update process as a single entity, and applying the FGSAM-update only once
simplifies the implementation. This contrasts with the Sharp-MAML [1]], where the SAM-update is
applied separately in the two stages.

3.3 FGSAM+

Although the training time of FGSAM can be largely faster than naive SAM by ignoring the MP in
minimizing perturbed loss, it still requires a full forward-backward step of GNN, which makes our
approach need an extra computation cost for a forward-backward step of PeerMLP, compared to the
base optimizer.

Fortunately, the forward-backward step of GNN is mainly for perturbing parameters in FGSAM, thus
we can further reduce the training time while maintaining performance, by employing FGSAM-update
at every k step (i.e., perturb parameters at every k step) and reusing the preserved gradients from
parameters perturbation into the intermediate steps [23]. Eq. (3) can be rewritten as:

VoL, (W)l e % VarLo, (W + €) & Vay | £, (w) + ][ Vau L, ()] )

In this way, SAM-gradient g, is composed by the vanilla gradient V., Lp, (w) and the gradient of
the ¢o-norm of vanilla gradient V||V, Lp, (w)]].

This suggests that SAM-gradient g = V., Lp, (w)|w+e can be divided into two orthogonal
parts [23]: gn (in the direction of vanilla gradient g = V,,Lp, (w) ) is used to minimize the
loss value, and flatness-gradient g, is used to adjust the updates towards a flat region. So g;, and g,
can be easily obtained if g, and g are given:

9 99 9
lgll lgsllllgll llgll”

where @ is the angle between g, and gj,. As illustrated in [23]], g, changes much slower than g,
and gj, thus we can compute and preserve g, at every k steps, and reuse it to approximate g, in
intermediate steps.

gn = [1gsll cos 0= = [|gs | v =Gs = Gh, ®)



However, in our case, there exists a clear gap between the model used for perturbing (GNN) and for
minimizing (PeerMLP). This is different from the approach in [23], which uses the same model for
both. Thus we use an extra PeerMLP forward-backward step to get another g™ for computing g,, to
reduce the gap:

" = Vo L(fuip(X;w)) = Ve L(W; fup)s G5 = Vo L(W; Fuip) o -e- ©

Note that the € is obtained by perturbing parameters with MP Eq. , g, and g™ are obtained
without MP, thus there still exists a gap.

Moreover, since we reintroduce graph topology (Eq. (6)) in minimization, we propose to further use
the extra PeerMLP step to reuse graph topology for better performance. Specifically, we conduct the
gradient w.r.t. topology information by projection as follows:

gmlp
gg = g*"" — |lg*™| 005(9/)W7 (10)
where ' is the angle between g&™ and g™P. This can be reused in a similar way as g, when
approximating FGSAM-update in the intermediate steps. We further conduct experiments to verify
whether the gg and g, will change slowly so that they can be reused for speed up in our approach.
We plot the change of g5, g, g, and g¢g (Fig.[3b) and the results show that the projected gradient
both g, and gg on parameters perturbed with MP shows a much more stable pattern and slower
changes than g, and g;,, indicating the feasibility of updating g,, and gg every k steps and reusing it

for the intermediate steps. We present the detailed FGSAM+ in Algorithm [I)in Appendix

Since we need an extra PeerMLP forward-backward step at every k step, the overall computation cost
of our approach, FGSAM+, will be % x the computation cost of GNNs plus (1+ %) x the computation
cost of MLPs on average.

4 Analysis of Toy Case

In this section, we employ the Contextual Stochastic Block Model (CSBM) to analyze why minimizing
perturbed training loss without MP can work to some extent, which is the underlying mechanism of
FGSAM. The CSBM has been widely used to analyze of the properties of GNN [277, 26].

Specifically, we focus on a CSBM model that contains K distinct classes cy,ca,...,cx. The
nodes within the resulting graphs are grouped into n non-overlapping sets C, Co, ..., Cx, each set
representing one of the K classes. The generation of edges is governed by a probability p within
the same class and a probability ¢ between different classes. For any given node i, we sample its
initial features z; € R! from a Gaussian distribution denoted by =; ~ A'(u,I), where the mean
1 = py € R corresponds to node i belonging to set C'k, and k is an element of {1,2,..., K}.
Furthermore, the condition ||p; — p;||2 = D holds true for all 4, j belonging to {1, 2,..., K}, with
D being a positive constant. Graphs that arise from this specified CSBM model are referred to as
K -classes CSBM. After applying a MP operation, the resultant features for node ¢ are denoted by h;.

The neighborhood label distribution D; of node i is a K-dimensions vector, where D;[j] = 1(i €
C;)p+ (1 —1(i € C;))q. Based on the neighborhood label distribution, consider the MP operation

1 . (r—Qpr+eKp I . =
as h;, = mzj@/(i) x;, we have: h; ~ N( ppi(?(qu)quv deg(i)), where i € Oy and 1 =
>

K .
%ﬂ’ Based on the distribution of h; and x;, we can obtain following theorem:

Theorem 4.1 (The effectiveness of removing MP in minimization). Consider a K-classes CSBM, the
optimal linear classifiers for both original features x; and filtered features h; are the same.

Detailed proof is in Appendix |C} The theorem tells us that under the linear case, whether the MP
layer is used or not, the optimal decision bound is the same. Hence, this encourages us to learn the
weight of transformation layers without MP to speed up training. However, the real graph is more
complex and we do not use a linear classifier, thus we propose to perform the graph sharpness-aware
perturbation which implicitly involves the information of neighbors.

S Experiments

We verify the effectiveness of our proposed FGSAM and FGSAM+ in this section. We first conduct
experiments to demonstrate that our proposed algorithms achieve better performance compared to
SAM which requires twice the training time. Then we show that our proposed algorithms can achieve
faster training speed compared to base optimizers (e.g., Adam). Next, we also conduct extra studies
and an extra task to show the robustness and potential applications of our proposed algorithms.

6



Table 2: Accuracy and Time consumption on the baseline with different optimizer. The best and the
runner-up are denoted as boldface and underlined, respectively. ‘SN3K’ denotes 5-way 3-shot setting.
Time consumption of 200 episodes of training (sec., only consider forward-backward) is also shown.

Settin: Corafull Avg DBLP Avg ogbn-arXiv Avg
2 5N3K  5N5K  10N3K  10NSK | acc time || SN3K 5N5K 10N3K 10NSK | acc time || SN3K 5N5K 10N3K 10NSK | acc time
MAML models
Meta-GCN 7025 7700 5119 5885 | 6432 948 || 82.60 8520 6596  70.85 | 76.15 17.57 || 49.32 5437 30.68 2820 | 40.64 40.99
w/ SAM 70.23 7582 5477 58.18 | 6475 19.03 || 82.50 85.04  68.31 7122 | 76.77 35.30 || 54.80 55.19 25.10 31.79 | 41.72 82.54

w/ FGSAM 7097 77.64 55.53 59.30 | 65.86 10.83 || 82.66 8526 69.22 7180 | 77.24 19.15 || 5245 57.05 2892 31.03 | 4236 4248
w/FGSAM+ || 71.54 7897 5873  61.61 | 67.71 6.51 || 8240 8424 68.97 7218 | 7695 10.62 || 5298 58.08 31.09 3338 | 43.88 22.11

AMM-GNN || 72.92 8044 57.58 5729 | 67.06 15.00 || 81.02 8348  66.40 7131 | 7555 26.73 || 51.95 57.79  28.71 26.74 | 4130 42.33
w/ SAM 6847 7410 5243 5794 | 6324 30.83 || 80.54 8345 6629  7L50 | 7545 54.76 || 49.42 5075  30.57 3242 | 4079 84.93
w/ FGSAM 71.67 7172 60.15 62.11 | 6791 17.60 || 84.01 8532 67.12 7170 | 77.04 30.16 || 48.69 5589 3559 32.57 | 43.19 4441
w/FGSAM+ || 7279 79.18 59.59  62.61 | 68.54 10.00 || 81.24 85.07 70.37 7132 | 77.00 16.26 || 51.02 50.49 33.60  34.05 | 42.29 23.19

non-MAML models

GPN 6523  65.67 5048 5123 | 58.15 1.89 || 76.05 75.02 6541 6452 | 7025 3.28 || 5535 57.50 4272 41.54 | 4928 71.70
w/ SAM 6728 65.02 5506 5230 | 5992 3.62 || 7944 77.66  67.88 6778 | 73.19  6.78 || 56.18 58.65  39.91 3992 | 48.67 1598
w/ FGSAM 69.54 69.37 57.85 5649 | 6331 233 || 80.10 79.61 6850 69.44 | 7441 4.00 || 57.58 5823 47.67 48.20 | 52.92 857
w/FGSAM+ || 6940 69.96 57.74  56.10 | 63.30 1.83 || 80.02 79.69 68.94  69.51 | 74.54 2.56 | 57.39 58.04 4659 4949 | 52.88 4.66

TENT 7124 7549 5729 6035 | 66.09 10.88 || 80.67 8274  69.04 7179 | 76.06 11.36 || 60.44 6734  47.14 54.88 | 57.45 12.90
w/ SAM 7138 7529 5686  61.85 | 6635 22.03 || 82.13 85.10 6896  73.62 | 77.45 22.86 || 63.58 69.30 50.79 5521 | 59.72 2643
w/ FGSAM 71.10 7672 5786  63.71 | 67.35 20.28 || 82.99 86.13  70.31 7341 | 7821 2095 || 6388 7115 5332 57.08 | 61.36 23.40
w/FGSAM+ || 72.85 77.77 5837  63.04 | 68.01 15.10 || 83.64 8597 71.15 73.72 | 78.62 15.58 || 66.20 69.14  50.66 53.56 | 59.89 16.86

Table 3: Comparison between SAM variants regarding accuracy and time consumption (10N3K).
CoraFull DBLP ogbn-arXiv

Settings 5N3K 10N3K 5N3K 10N3K 5N3K 10N3K Avg
Baseline ‘ Backbone ‘ Optimizer | acc (%) t(s) acc(%) t(s) | acc(%) t(s) acc(%) t(s) |acc(%) t(s) acc(%) t(s) | acc(%) t(s)
Adam 6523 184 5048 1.87 | 76.05 326 6541 329 | 5535 7.67 4272 7.67 | 5921 427
SAM 6728 3.68 5506 355 | 79.44 676 6788 6.76 | 56.18 1590 3991 1595 | 60.96 877
ESAM 6732 375 5399 3.60| 77.58 683 6654 683 | 5451 16.03 36.68 16.14 | 59.44 886
GNN LookSAM | 6838 291 5426 285 | 7924 529 6932 529 | 5633 1223 4542 1219 | 6216 6.79
GPN AE-SAM 6748 293 5127 281 | 79.84 517 6723 524 | 5643 1226 4351 1228 | 6096 6.78
FGSAM 69.54 233 5785 240 | 80.10 397 6850 403 | 5758 856 47.67 858 | 63.54 498
FGSAM+ 69.40 1.62 5774 206 | 80.02 243 6894 259 57.39 4.68 46.59 4.64 63.35 3.00

Adam
SAM

6580 045 4987 043 | 7641 039 6500 047 | 49.09 0.33 35.98 0.36 57.03 041

‘ PeerMLP ‘ 66.18 074 5169 1.01 | 77.20 071 6539 0.76 | 5175 0.69  42.79 0.81 59.17  0.79

5.1 Experiment Settings

Baseline. We evaluate our proposed FGSAM and FGSAM+ on SOTA models. The existing models
can be divided into two main categories: MAML and non-MAML methods. Two representative

models are selected from each category, respectively, as baselines for evaluation (Meta-GCN [42]
and AMM-GNN [37] for MAML models, and GPN [8]] and TENT [38] for non-MAML models).

Datasets. We conduct evaluations on three widely used real-world benchmark node classification
datasets: CoraFull [S]], DBLP and ogbn-arXiv [18], and we use the train/val/test split as in [34]
and [24]. The comprehensive statistics of datasets are shown in Tab. [5]in Appendix [D.1]

Implementation Details. We implement our model by PyTorch [29]] and conduct experiments on an
RTX-3090Ti. We use Optuna [2]] to search the hyper-parameters for each setting. See Appendix
for detailed FSNC learning protocol.

5.2 Evaluation on Real-World Datasets

The results of different models across datasets are summarized in Tab.[2l All the models share a 2-
layers architecture with 16 hidden channels. It can be seen that our proposed algorithms FGSAM and
FGSAM+ provide better performance than Adam in most cases, and provide comparable performance
with SAM. These results support our claim that FGSAM and FGSAM+ can find local minima with
better generalization properties. Note that message-passing is only used in perturbing parameters,
not involved in parameters update (i.e., MLPs). The results further indicate that implicitly involving
graph topology in training can make PeerMLPs outperform GNNs. See Appendix [D.3|for details.

5.3 Time Consumption

To demonstrate the training speed advantage of our proposed algorithm, we summarize the training
time for different models using various optimization methods across three datasets (Tab. [2). The
results indicate that our proposed algorithm FGSAM demonstrates only a slight increase in training
cost compared to Adam in most cases. Furthermore, our enhanced version FGSAM+ outperforms
Adam in terms of speed in the majority of scenarios. It is worth mentioning that our proposed
algorithms achieve superior or comparable performance when compared to both Adam and SAM.
See Appendix [D.4]for detailed results.

Limitation. For models composed of many non-GNN components (e.g., TENT), the training time
on FGSAM+ may be still longer than that on Adam, since it is hardly further reduced.
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Figure 4: Performance of GPN trained by Adam and FGSAM+ with different settings. Left: Results
with various hidden channels. Middle Left: Results with various model depths. Middle Right:
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subjected to various noise ratios.
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5.4 Comparison of the Variants of SAM

Training with Different Optimizer. We compare the performance of Meta-GNN and GPN training
with different variants of SAM, including original SAM, ESAM [9], LookSAM [23], AE-SAM [19],
our proposed FGSAM and FGSAM+ (Tab. [3). We observe an anomalous phenomenon where ESAM,
as an efficient variant of SAM, actually trains slower than SAM. This is because ESAM sorts the
sample losses and selects a suitable subset at each iteration, an operation that is negligible for image
tasks; however, for graph tasks, since GNNs are relatively smaller, the proportion of time consumed
by the sorting step is significant, leading to an increase in training time. As shown in Tab. |3} our
proposed method greatly reduces the training time, based on the relationship between GNN and MLP,
while maintaining and even achieving superior performance, compared to other optimizers, indicating
ours’ high efficiency and effectiveness.

The Impact of Perturbing Parameters with Message-Passing. A key point of our work is that we
perform parameter perturbation using GNNs, while PeerMLPs (i.e., without message-passing) are
used to minimize the perturbed loss. This is significantly distinct from previous SAM methods which
shared the same model for both parameter perturbation and loss minimization. So a natural question
arises: to what extent does our approach benefit from performing parameter perturbation using
GNNs? We thus compare our approach to PeerMLPs training with Adam and vanilla SAM. Note
that message-passing would be reintroduced during validation and test. From Tab. [3] although the
training time of PeerMLPs is shorter than that of GNNs, GNNs outperform their PeerMLPs in most
cases. Despite that using PeerMLPs can accelerate the training of GNNs, the topology information
is still very important for learning node representations. Thus our proposed FGSAM+ is a better
solution, achieving a better trade-off between efficiency and performance.

5.5 Ablation Studies

We further verify the consistent effectiveness of our method compared to Adam across different
settings regarding model implementation and graph property. Due to the computational resource
restriction, all experiments here were conducted using GPN on the CoraFull with the 5-way 3-shot
setting. We provide additional experiments (e.g., the effect of update interval k) in the Appendix [E]

The Impact of Network Structure. Here we investigate the effect of hidden dimension and the
number of layers on the performance (on the left of Fig.[). GPN with Adam requires a higher hidden
dimension (128) to achieve relatively high accuracy, whereas GPN with FGSAM+ can attain SOTA
even with a small hidden dimension (16). With respect to the number of layers, GPN with FGSAM+
consistently performs better within the range of 1~8 compared to GPN with Adam, demonstrating
the effectiveness of our proposed method (middle left of Fig. ).

The Impact of Noisy Features and Edges. Here we investigate the effect of randomly adding
Gaussian noise to features and randomly adding edges during testing (on the middle right and the
right of Fig. ). Specifically, for noisy features, we randomly add Gaussian noise with varying
standard deviations to the node features. Meanwhile, for noisy edges, we uniformly and randomly
introduce additional edges into the original structure. The results show that GPN with FGSAM+
method can still achieve relatively high performance, compared to GPN with Adam. These results
effectively verify the robustness of our proposed method.

5.6 Additional Task on Conventional Node Classfication

Our proposed FGSAM+ also has the potential to be extended to other domains. To demonstrate
this, we evaluate the performance of the FGSAM+ on the standard node classification task on both
homophilic and heterophilic graphs. For homophilic graphs, we utilize three well-established citation
networks: Cora, Citeseer, and Pubmed [32,|13]]. For heterophilic graphs, we include page-page



Table 4: Results on nine real-world node classification benchmark datasets: Mean accuracy (%).

Model Optimizer Cora Citeseer Pubmed Chameleon Squirrel Actor Cornell Texas Wisconsin Avg
Adam 8836 7725 88.71 65.04 52.49 2854  61.08  60.27 55.29 64.11

GCN SAM 8842  77.30 88.79 65.57 52.51 2859  61.89 6270 54.51 64.48
FGSAM (ours) | 88.36  77.60 89.36 66.16 53.95 29.88 6730 6324 55.69 65.73

FGSAM+ (ours) | 8832  77.52 89.13 64.56 51.14 29.66  68.11  61.62 54.71 64.97

Adam 87.67  76.09 89.15 50.33 37.61 33.74 7811 7838 84.51 68.40
GraphSAGE SAM 87.69 7644 89.25 50.92 37.44 33.83 7892  80.27 84.31 68.79
P FGSAM (ours) | 88.36  77.13 89.75 51.34 39.12 3453 8243  81.35 86.47 70.05
FGSAM+ (ours) | 88.16  77.21 89.71 50.94 38.87 3470 8135 7946 86.47 69.65

Adam 8832  76.37 87.48 46.51 31.46 2945  59.19  62.16 55.49 59.60

GAT SAM 8849  76.78 87.24 46.82 31.61 2949 5946  62.16 55.29 59.70
FGSAM (ours) | 88.60  76.98 87.63 47.87 3235 3041  61.89 6595 59.41 61.23

FGSAM+ (ours) | 88.70  77.10 87.74 48.07 32.69 30.60 62.16 64.86 58.04 61.11

networks from Wikipedia, specifically the Chameleon and Squirrel datasets [31], actor-network,
namely Actor [30]], and web pages networks, namely Cornell, Texas and Wisconsin [30]]. See
Appendix [E.T| for statistics of these datasets. We use data splits (48%/32%/20%) provided by [30],
and set kK = 2 for FGSAM+. We select three representative baselines, namely the classical GCN [20]],
GAT [35] with learnable MP operation, and GraphSAGE [16] with complex MP operation, to
demonstrate the effectiveness of FGSAM and FGSAM+.

As shown in Tab. [d] both FGSAM and FGSAM+ generally outperform Adam and SAM across base
models, indicating the potential wide application of our method. We observed that the proposed
method achieves greater improvement on heterophilic graphs compared to homophilic graphs, and
heterophilic graphs are generally considered more challenging. This indicates that our method can
effectively enhance the generalization capability of GNNs. We also provide additional experiments
of integrating FGSAM+ with prompt-based FSNC [33]] in the Appendix [E.3]

5.7 Additional Study Training Loss ... agam

== SAM p=0.05
We observe that both FGSAM and FGSAM+ gen-  © FoSAM (0us) p=0.05
erally outperform the standard SAM across tasks §4_ T et '{Zurs) p=0.5
(FSNC and standard node classification). Thisisan g -= SAMp=25
interesting finding, as our FGSAM and FGSAM+ &, T aoso T

—— FGSAM+ (Ours) p=5.0

algorithm remove message-passing during the min-
imization of the perturbed loss, which is expected O e |
to hurt performance. We attribute these counter- o Epoch ]
intuitive results to the mitigation of the imbalance ~Figure 5: Tralmpg .1053 curves related to differ-
adversarial game. The training process of SAM-like €Nt p across optimizers.

algorithms entails an adversarial game similar to that in Generative Adversarial Nets (GANs) [14].
Prior studies [3 4] 28] have demonstrated that imbalanced adversarial games in GANs can give rise to
worse results. Both FGSAM and FGSAM+ employ distinct models for perturbation and minimization,
which can help alleviate the extent of imbalance. These factors may explain the observed performance
discrepancies among the compared algorithms. To verify the explanation, we conduct experiments
varying the hyper-parameter p. Specifically, we graphically illustrate the comparative training loss
of SAM and FGSAM+ over a range of p values in Fig.[5] which reveals that while SAM struggles
to converge with higher p values, FGSAM+ consistently achieves convergence. Moreover, it is
established that a higher p value is conducive to a tighter generalization bound, suggesting that a
larger p could potentially enhance performance. Consequently, FGSAM+ is capable of mitigating the
imbalanced games issue and tolerating a larger p, which contributes to its enhanced performance.

6 Conclusion

In this work, we study the application of Sharpness-Aware Minimization (SAM) in FSNC to improve
model’s generalization, since the key for FSNC is to generalize the model to unseen samples. In order
to alleviate the heavy computation cost of SAM, we utilize the connection between MLPs and GNNs
and use MLPs to accelerate the training of GNNs. However, the low generalization and lack of using
graph topology of MLPs also limit its performance. Hence we propose to apply GNNs to perturb
parameters for generalization and use MLPs to minimize the perturbed training loss for conducting
the proposed FGSAM. Moreover, we reuse the GNN gradient in perturbation in minimization for
better including topology information. We further reduce the training time by conducting exact
FGSAM update at every k steps and approximate FGSAM’s gradient with reusing information in the
intermediate steps. Finally, the extensive experiments demonstrate the effectiveness and efficiency of
our proposed methods.
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A Potential Broader Impact

This paper presents work whose goal is to advance the field of Machine Learning. There are many
potential societal consequences of our work, none of which we feel must be specifically highlighted
here.

B Algorithm

Algorithm 1 Training with FGSAM and FGSAM+.

Require: G, Cpae, learning rate 7, radius p, FGSAM update interval k, adaptive ratio a.
Ensure: A flat minimum solution w.
Initialize weights wyg;
fort < 0toT —1do
Sample training task 7; from G and Cpase;
### only for FGSAM
Vanilla grad g&™ = V., L7; (W¢; fom);
Perturbed weights € = p%;
FGSAM-grad grcsam = AG="™ + Vw, L7, (W¢; frip) |w, +&5
### only for FGSAM+
if t%k = 0 then
# the actual FGSAM-update
Vanilla grad g&"™ = V., L7; (Wy; fann);
Vanilla grad g™ = V., L7, (W¢; fup)s
Perturbed weights € = p%;

enn__mlp mlp
. 9

Topology-grad gg = g=™ — ||g*™| Hggnn”W Tg™] °
SAM-grad gs = th E'Tt (wt§ fmlp])|wt+é; |
Flatness-grad g, = g, — ||QSIIW%%;
FGSAM-grad grgsam = AGE™ + gs;

else
# approximate FGSAM-gradient
Vanilla grad g™P = V., L7, (W¢; fup)s

Approx gnn-grad 8™ = g™ + gg 7”‘&"3 l‘l
Approx FGSAM-grad grasam = g™ + ag, 121 + Agem:
end if
Update weights: w;11 < W — 17 - grgsam;
end for
w wr.
C Proof

The linear classifier for K-classification problems can be formulated as @ binary classification
problems.

Hence we study the classification between class C,, and C;, without loss of generality.

The distribution of original features from different classes follows:

miNN(I’l’oaI)aiGCo

zi ~ N (py, I),i € C, (n
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The distribution of filtered features from different classes follows:

- o+qKﬂ I .
hiNN((p Qp 7 ). icc,
p+ (K —1)q ’deg(i)

— +qKp I .
thN (p q)l"‘P , , 607
( p+(K—1)q 'deg(i))’ "=

For simplicity, we denote fiq = P—DHetaKi

~  _ (p—9mptaKp
pH(E-T)g  and fp = SR

12)

Following [27], the optimal classifier of original features constructs a decision bound P = {z|w” = —
w’b}, where w = B e /||Be"le|| p = Helle  Similarly, the optimal classifier of filtered

features constructs a decision bound P’ = {h|w'Th — w'Tb}, where w' =

b/ — ﬂo;ﬂp .

ﬂo;ﬂp/””o;ﬂp ||’

And we have fi, — fi, = % (to — pp), hence we have w = w’. Then we verify whether

w'b = w'Th:

2

_ .l ((p—Q)uo+qKﬂ (p—q)up+qK/1)
= w —+
p+(K—1)q p+(K—-1)q

2
=" (§ (ot 11) + (1= ) )

Wb = w'T ([’/o + ﬂp)

=w" (A (o + pp)

+(1/\);(ﬁuo+ﬂup+uo+up))
=w' (%(qurup)Jr(l—/\) (ﬁ—%))

=" (G o+ ) + 0= Nw (g b)),

— __ p=q
where A\ = FR-Tq"

Then we show (g, — up)T (ﬂ _ %) —0.

From ||p; — p||2 = D, we have:

||Ho - ﬂ||2 = ||Np - ﬂHQa
which gives:

_\T — _\T _
(o — 1) (o — 1) = (1p — B)" (1p — 1)
pope —2ulp+ p"p = plp, — 2 p+p’
o tho — 2180 [ = po) fro — 24ty

_ Mot p
(o — 1p)" (u - 2”)

Hence we have:

- Mo + 1 - Mo + 1
S e el Y TR e s
I A r. 1 7
_l“l’ou_§uol“"0_ I‘l’pl'l'_iuplj’p
=0

Combining Eq. and Eq. (I6), we have:
wTy =wld
which means P = P’.

This completes the proof.
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Table 5: Statistics of evaluation datasets
Datasets # Nodes # Edges # Features # Classes Class Split

CoraFull 19,793 63,421 8,710 70 40/15/15
DBLP 40,672 288,270 7,202 137 80/27/30
ogbn-arXiv 169,343 1,157,799 128 40 20/10/10

Table 6: Hyper-parameters Search Space.

Hyper-parameter Search Space
MAML-based models:

learning rate {0.05, 0.01, 0.001, 0.0001}

weight decay {0.0, 0.001, 0.0005}

dropout {0.0, 0.1, 0.3,0.5,0.7, 0.9}

p {0.01, 0.05, 0.1, 0.15, 0.2, 0.5, 0.8, 1.0, 1.2}

« {0.5,0.7,0.9}

non-MAML models:

learning rate finetune {0.5, 0.1, 0.01, 0.001}
learning rate meta {0.05, 0.01, 0.003, 0.001, 0.0001}

weight decay {0.0, 0.001, 0.0005}

dropout {0.0,0.1,0.3,0.5,0.7, 0.9}

p {0.01, 0.05, 0.1, 0.15, 0.2, 0.5, 0.8, 1.0, 1.2}
e {0.5,0.7, 0.9}

D Experiments details

D.1 Datasets Description

* CoraFull is an extension of the prevalent dataset ‘Cora’ [41]], a citation network dataset.
On this graph, nodes represent papers and edges represent citation links. The nodes are
labeled on the paper topics. Node attributes are obtained using bag-of-words for the title
and abstract of the paper.

* DBLP is also a citation network, where nodes represent papers and edges represent the
citation between papers. Specifically, the node attributes are generated by the abstract and
the node labels are based on the paper venues.

* ogbn-arXiv is a citation network among all Computer Science arXiv papers based on
MAG [36]. Node represent papers and edges are citations links. The node attributes are
obtained using skip-gram on abstract of papers. The nodes are labeled by the subject area.

D.2 Implementation Details

Specifically, we implement our model by PyTorch [29] and conduct experiments on 24GB Nvidia
RTX3090Ti, according to the training protocol Algorithm[2} Repeat number R = 5, patience P = 10,
SAM update interval £ = 2, validation interval I = 10, validation number V' = 20, test number
W = 100. For MAML models max epochs 7' = 500, and for non-MAML model max epochs
T = 1000. We evaluate our method under various settings, i.e., N = {5,10}, K = {3,5}, but we
set N = {2, 5} for Coauthor-CS dataset. We use Optuna [2] for hyper-parameters searching for all
models with various optimizers, the search space is shown in Tab. [6]

Note that we further split Cp,s into two disjoint class set: training class set Cy, and validation class
set Cyal, such that Cpase = Cyr U Cya and Cy N Cyyy = @. Overall, we use Cy and Cyy for train and
validation in the meta-training stage, respectively, and use Cpqvel for meta-test. We split C into Cy, Cyq)
and Cpover according to the class split ratio in Tab. E}
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Algorithm 2 Training Protocol of FSNC Task

Require: G, Cy, Cya, Chovel, Tepeat number R, max epochs 7', patience P, validation interval I,
validation number V, test number W.
Ensure: A trained model f, model’s accuracy $.
Initialize f, s < {}.
# repeat R times
forr < Oto R —1do
Initialize spest <— 0, Stest < {}, p  0;
# meta-training
fort+— 0toT —1do
# training
Sample training task 7; = {S;, Q¢ } from Cy;
Optimize model f on 7;;
# validation
if t%I = 0 then
Sample V validation tasks 7Ty, from Cyyy;
Compute mean accuracy Sy, on7y, by f;
if Sya > Spest then
Sbest < Sval, P < 0
else
pp+1;
end if
# early-stop
if p = P then
break;
end if
end if
end for
# meta-test
Sample W test tasks Ties from Cpovel;
Compute mean accuracy ses on these tasks using model f;
§ = 8 U Stest;
end for
f+ f, 8+ mean(s).

Table 7: Accuracy on the baseline with different optimizer. ‘SN3K’ denotes 5-way 3-shot setting.

Corafull DBLP ogbn-arXiv
5N3K 5N5K 10N3K 10N5SK SN3K SN5K 10N3K 10NSK SN3K SNSK 10N3K 10NSK

Meta-GCN 70.25+200  77.00+236  51.19+286  58.85+261 | 82.60+132 85204341  65.96+416 70.85:1s0 | 49.32+326 54371627 30.68+306  28.20+1009
w/ SAM 70.23+548  75.82+258  54.77+s60  58.18+317 | 82.50+133  85.044338 6831322 71.22+106 | 54.80x471  55.19+67  25.10+755  31.79+490
w/FGSAM | 70.974315  77.64+200 55.53+435  59.30+296 | 82.66+134 85.26+336 69.22+287  71.80+101 | 52454333  57.05+a67 28.92+1019 31034504
w/ FGSAM+ | 71.54+42 7897126 58731547 61.614623 | 82.40+120 84.244080 68.97+163  72.18+158 | 52.98+420 58.08+s500 31.09:366  33.38:222

AMM-GNN | 72924467 80.441363  57.58+s46  57.294330 | 81.02+261 83.48+10s 66.40+270 71.31+20s | 51.95+134  57.79+260  28.71iss2  26.741002
w/ SAM 68.47+300  T74.10+282 52431278 57941360 | 80.54+250 83.45+203 66.29:127m1  71.50+302 | 49.42+506  50.75+6ss  30.57+ 3242144
w/FGSAM | 71.67+s596  77.72+309  60.152410  62.114447 | 84.012129  85.32x086  67.12+201  71.70x183 | 48.69+840 55.894s551  35.59= 32.57+398
w/ FGSAM+ | 72.79+444  79.18+219  59.59:605  62.61+399 | 81.24x166 85.07+226  70.37+486  71.32+08s | 51.02+638 50.49+012  33.60+33  34.05:347

GPN 65.23+130  65.67+340 5048324 51234572 | 76.05+119  75.024353  65.41+303  64.52+32 | 55.35+500  57.50+472  42.72+510  41.54+795
w/ SAM 67.28+431  65.02+157  55.06+200  52.30+460 | 79.444200 T7.66+176 67.88+128 67.78+250 | 56.18+186 58.65+431  3991sesi 39924200
w/ FGSAM 69.541311  69.37+307  57.85+503  56.49+a42 | 80.10+260 79.61+227  68.50+222 69441178 | 57.58+a56 58231305 47.67+397  48.20+373
w/ FGSAM+ | 69.40+457  69.96:205  57.74x417  56.10+336 | 80.02+189  79.69+224  68.94+190  69.51+254 | 57.39+33  58.04+240  46.59+324  49.49+37

TENT 71241205 7549+188  57.29:420 60.35+2s0 | 80.67+310  82.74x18¢  69.041245 71791268 | 60441548 67.34x21s  47.14x425  54.882497
w/ SAM 71.38+247  75.29+409  56.86+228  61.85+280 | 82.13+202  85.10x05¢ 68.96+385  73.62x156 | 63.58+218  69.304+348  50.79+315  55.21x257
w/FGSAM | 71.10+479  76.72+300 57.86+326  63.71443 | 82.994225  86.13+052  70.31+192 7341145 | 63.88+164 71154243  53.32:194  57.084352
w/ FGSAM+ | 72.85+414  77.77+34s 5837413 63.044356 | 83.64+155 85.97+0s6  71.15+243  73.72:105 | 66.20+441  69.14+106  50.66+168 5356193

D.3 Evaluation Results with Standard Deviation

In Tab.[7]and Tab. [§] we present the detailed results of Tab. 2] and Tab. [7] with standard deviation,
respectively.
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Table 8: Results on nine real-world node classification benchmark datasets: Mean accuracy (%). The
best results are denoted as boldface.

Model Optimizer Cora Citeseer Pubmed Chameleon Squirrel Actor Cornell Texas Wisconsin
Adam 88.36+150 77.25+080 88.71+04s 65.04+287 52494230 28.54+08s  61.08+ss7  60.27+351  55.29+275
GCN SAM 88.42+135  77.30+0s5s  88.79+045 65.57+2209 52514207  28.59+075 61.89+200 62.70+490  54.51+s42

FGSAM 88.36+151  77.60+069 89.36+049  66.16+206  53.95+14s  29.88+106 67.30+383 63.244s510  55.69+431
FGSAM+  88.32+148  77.52+096 89.13+044  64.56+256  S1.14+236  29.66+078 68.11+437 61.62+622  54.71+s48

Adam 87.67+196 76.09+143  89.15+057 50.33+197 37.61+11s  33.74x116  78.11xs9s  78.38+s547  84.51x3s1

GraphSAGE SAM 87.69+11m1 76441121 89.25+051 50.924226 37441108 33.83+100 78.92+440 80.27+47m1 84.31isa2
FGSAM 88.36+151 77.13+060  89.75+049 51.344296 39.12+148  34.531106 82431353 81.351s10  86.47+431

FGSAM+  88.16+185  77.21+126 89.71+039  50.94+104  38.87+1s1  34.70+0s2  81.35+554  79.46+465  86.47+a34

Adam 88.32+150  76.37+090 87.48+037  46.51+206  31.46+101 29.45+0s2  59.19+363  62.16+443 55491549

GAT SAM 88.49+174  76.78+08s 87.241+053  46.82+280  31.61+135  29.49+078  59.46+402  62.16+426  55.29+693

FGSAM 88.60+151  76.98+060 87.63+049  47.87+206  32.35+14s  30.41+106 61.89+383 65954510  59.41+431
FGSAM+ 8870182 77.10+112  87.74+0s6  48.07+325  32.69+23¢  30.60+090 62.16+201  64.86+s595  58.04+505

Table 9: Time consumption comparison. The results stands for the time (sec.) consumed in 200
episodes training (only consider the feed-forward and -backward).

Corafull DBLP ogbn-arXiv
SN3K 5N5K  10N3K 10N5K | SN3K  5N5K  10N3K 10N5K | 5N3K  5N5K  10N3K  10N5K

Meta-GCN 9.56 9.58 9.38 9.40 17.61 17.60  17.50 17.59 | 41.09 4098  40.96 40.92
w/ SAM 19.12  19.16  18.84 18.99 | 3538 3538 3517 3528 | 8254 8265 8240 82.58
w/ FGSAM 1091 10.82  10.79 10.80 | 19.15 1922 19.11 19.12 | 4250 4254 4245 42.45
w/ FGSAM+ | 6.58 6.48 6.51 6.48 10.77 10.77  10.51 10.44 | 22.17 2221 22.02 22.06

AMM-GNN | 1503 1504 1494 1500 | 2671 26.74  26.72 2676 | 4227 4239 4230 42.37
w/ SAM 3091 3093  30.66 30.83 | 54.63 5485 54.69 5487 | 84.71 85.12  84.77 85.13
w/ FGSAM 17.55 17.89 1751 17.44 | 30.08 30.13  30.28 30.16 | 44.32 4445 4443 44.46
w/ FGSAM+ | 9.99 10.05 9.97 9.99 16.14 16.44 1625 1622 | 2324 2324 2313 23.15

GPN 1.84 1.93 1.87 1.92 3.26 3.26 3.29 3.29 7.67 7.74 7.67 7.73
w/ SAM 3.68 3.69 3.55 3.58 6.76 6.80 6.76 6.81 1590 16.02  15.95 16.06
w/ FGSAM 233 2.19 2.40 2.39 3.97 3.95 4.03 4.04 8.56 8.58 8.58 8.58
w/ FGSAM+ | 1.62 1.48 2.06 2.14 2.43 2.51 2.59 2.70 4.68 4.66 4.64 4.65

TENT 7.58 8.29 13.14 14.49 7.79 8.70 13.65 15.30 9.21 9.98 15.53 16.87
w/ SAM 15.05 16.89  26.67 29.50 | 1598 17.49  27.70 3025 | 19.28 20.53  31.78 34.12
w/ FGSAM 1485 14.63 2597 25.68 1528 1540  26.52 26.59 17.57 17.60  29.08 29.34
w/FGSAM+ | 11.13  11.04  19.10 19.15 11.47 1150  19.69 19.64 1253 12,61  21.14 21.15

Setting

D.4 The Full Results of Time Consumption

Here we present the detailed results of training time consumption of different optimizers across
various datasets. Tab. [J]indicates that our proposed algorithm FGSAM demonstrates only a slight
increase in training cost compared to Adam in most cases. Furthermore, our enhanced version
FGSAM+ outperforms Adam in terms of speed in the majority of scenarios. It is worth mentioning
that our proposed algorithms achieve superior or comparable performance when compared to both
Adam and SAM.

As mentioned before, for models composed of many non-GNN components (e.g. TENT), the training
time on FGSAM+ may be still longer than that on Adam, since it is hardly further reduced.

E Additional Experiments

E.1 Statistics Of Benchmark Datasets In Node Classification

Table 10: Benchmark datasets statistics for node classification

Cora Citeseer Pubmed Chameleon Squirrel Actor Cornell Texas Wisconsin

#Nodes 2708 3327 19717 2277 5201 7600 183 183 251
# Edges 5278 4552 44324 18050 108536 15009 149 162 257
# Classes 7 6 3 5 5 5 5 5 5
# Features 1433 3703 500 2325 2089 932 1703 1703 1703
H(G) 0.81 0.74 0.80 0.28 0.24 0.38 0.57 0.41 0.45
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Table 11: Performance of different update interval k.

Corafull DBLP
acc (%) time(s) acc (%) time (s)
GPN w/ FGSAM 69.54 2.33 80.10 3.97

2 69.40 1.62 80.02 243
GPN w/ FGSAM+ 5 70.02 0.93 78.10 1.49
10 67.03 0.69 75.91 1.24

Table 12: Performance of prompt-based FSNC on Citeseer.
3 shots 5 shots
acc (%) Fl | acc(%) Fl

ProG [33] 59.50 5775 | 7650 @ 76.61
FGSAM+ | 6033 5843 | 77.00 77.21

Setting

E.2 The Effect of Update Interval & in FGSAM+

Here we study the effect of update interval k£ in FGSAM-+. It can be observed from Tab. 1 1| that as
k increases, the performance decreases, but meanwhile training time also decreases. This indicates
that the possibility of choosing k to achieve a better trade-off between performance and efficiency.
We note that the performance drop with increasing k seems to be larger compared to LookSAM [23]]
in computer vision tasks. This indicates the importance of the perturbation step in FGSAMH+, as it
not only introduces information about flat minima, but also incorporates neighbor information in
training. Therefore, we recommend setting k£ = 2 as the prior optimal update interval to avoid large
information loss.

E.3 Integrating with Prompt-Based FSNC

Recently, there are many prompt-based methods 25| [33]] have been developed, showing promising
performance in FSNC. Hence, we investigate how our method performs in such a prompt-based
FSNC task. Note that under this setting, the proposed method is used in prompt tuning instead of
training. As shown in Tab.[T2] our method improves the baseline [33] with a remarkable margin.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction accurately reflect the paper’s contributions and
scope.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We have discussed some limitations about the proposed FGSAM+ in Sec.
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]



Justification: We have provided assumptions and proofs in the main body and appendix.

Guidelines:

The answer NA means that the paper does not include theoretical results.

All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

All assumptions should be clearly stated or referenced in the statement of any theorems.
The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Necessary information is provided.

Guidelines:

The answer NA means that the paper does not include experiments.
If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [Yes]
Justification: Data is publicly available and code is also available.
Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: Detailed are provided in the paper (main body and appendix).
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: Due to the page limit, the standard deviation is provided in the appendix
(Tab.[7).

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).
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8.

10.

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: The information is provided in Sec.[5.T]and Sec.[5.3]
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute

than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]
Justification: We confirm that we have adhered to the NeurIPS Code of Ethics.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: We have discussed the potential broader impacts in Appendix
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

e If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

22


https://neurips.cc/public/EthicsGuidelines

11.

12.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: There are no high-risk issues in our model trained for FSNC tasks.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: We have cited all the related papers, the papers of models and datasets we use.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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13.

14.

15.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]
Justification: We will submit the code we used along with the supplement materials.
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: This paper does not involve crowdsourcing or research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: This paper does not involve crowdsourcing or research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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