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Abstract

Graph diffusion models have made significant progress in learning structured
graph data and have demonstrated strong potential for predictive tasks. Existing
approaches typically embed node, edge, and graph-level features into a unified
latent space, modeling prediction tasks including classification and regression
as a form of conditional generation. However, due to the non-Euclidean nature
of graph data, features of different curvatures are entangled in the same latent
space without releasing their geometric potential. To address this issue, we aim
to construt an ideal Riemannian diffusion model to capture distinct manifold sig-
natures of complex graph data and learn their distribution. This goal faces two
challenges: numerical instability caused by exponential mapping during the encod-
ing proces and manifold deviation during diffusion generation. To address these
challenges, we propose GeoMancer: a novel Riemannian graph diffusion frame-
work for both generation and prediction tasks. To mitigate numerical instability,
we replace exponential mapping with an isometric-invariant Riemannian gyroker-
nel approach and decouple multi-level features onto their respective task-specific
manifolds to learn optimal representations. To address manifold deviation, we
introduce a manifold-constrained diffusion method and a self-guided strategy for
unconditional generation, ensuring that the generated data remains aligned with
the manifold signature. Extensive experiments validate the effectiveness of our
approach, demonstrating superior performance across a variety of tasks.

1 Introduction

Graph-structured data is widely used in real-world applications [2]] such as recommendation sys-
tems [3]], social networks [4]], and molecular modeling [S]]. Due to the non-Euclidean structure of
graphs, there are some studies [6] that have leveraged differential geometry to explore non-Euclidean
geometric spaces that better align with the intrinsic structure of graphs. In a geometric perspective,
non-Euclidean manifolds can enable a deeper understanding of graph-structured data, which in
turn facilitates improved performance in downstream tasks. For example, hyperbolic spaces are
well-suited for modeling small-world and hierarchical graphs [7, 18], whereas spherical spaces are
more effective at capturing the structure of densely connected graphs [9]]. Product manifold [10} [11]]
is introduced to model more complex graph data by constructing a space of mixed curvatures [12]].
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Figure 1: (a) An overview of latent graph diffusion model for prediction and generation. (b) Feature
Entanglements: we visualize the multi-level latent representations learned in graph regression tasks on
the ZINC12K [1]] dataset using t-SNE. The results reveal that representations with distinct geometric
properties become entangled in a shared Euclidean latent space.

Moreover, diffusion models [[13] have demonstrated strong capabilities in capturing complex data
distributions and understanding the inherent geometric properties of the data [[14]. Recent meth-
ods [15] have introduced the latent graph diffusion framework for unifying the graph generation and
prediction tasks. Specifically, it embeds multi-level graph features (including node-level, edge-level,
and graph-level) into a unified low-dimensional latent space. Then the prediction task is reformulated
as a conditional generation problem, where graph features explicitly serve as the condition guiding
the generation of target graph attributes/labels.

However, although this latent diffusion framework is theoretically sound in general data, it overlooks
the rich and diverse geometric structures inherently present in graph data and lacks a unified geometric
perspective for graph learning tasks. As observed in Fig. [T} representations across different levels are
often entangled within a shared latent space, despite exhibiting distinct intrinsic geometric properties.
These features exhibit curvature heterogeneity across different levels and should be better modeled in
spaces with varying curvature. This highlights the limitations of the existing method and calls for
a new modeling paradigm capable of capturing the optimal manifold signatures [16] (such as the
choice of curvature, manifold components, and dimensionality) for complex graph data.

Based on the above insights, an ideal Riemannian diffusion framework should first reconstruct the
underlying data manifold using a geometry-aware autoencoder, and then model the distribution over
this manifold through a diffusion process. However, the inherent geometric complexity of multi-level
graph features, further compounded by the demands of multi-task learning, makes modeling the
underlying manifold highly challenging and well beyond the capacity of simple designs. Specifically,
it faces the following two key challenges:

How to assign an appropriate manifold signature during the autoencoding process? A common
approach is to map features on product manifolds [[10} [17] with learnable curvatures [18] using
exponential mapping. However, due to curvature heterogeneity across different feature levels, this
method may lead to numerical instability in the exponential map, making model optimization more
difficult and restricting its effectiveness on a range of downstream tasks.

How to generate an accurate manifold distribution during the diffusion process? In the generation
stage, diffusion models often deviate from the original data manifold [19]], leading to sub-optimal
performance. One approach [20] to address this issue is by incorporating manifold constraints into
the condition generation process, which helps guide the model back to the desired manifold. This can
be seen as a form of precise conditional control. However, in unconditional graph generation tasks,
the absence of such guiding information can result in deviations from the intended manifold structure.

To address these challenges, we propose GeoMancer: a novel Riemannian Diffusion Framework for
graph generation and prediction. To better choose the manifold signatures, we construct a product
manifold as the latent space for each level feature. Then, we decouple the multi-level features entan-
gled within it onto their corresponding task-specific manifolds. Additionally, to mitigate numerical



instability caused by exponential and logarithmic mappings, we employ a Riemannian kernel method
based on generalized Fourier transforms. This approach preserves the isometric geometric properties
of Riemannian spaces while remaining compatible with well-established Euclidean models. To guide
the diffusion model to generate features on a more desirable manifold, we leverage the rich geometric
information in the latent space to produce pseudo-labels for unconditional graph generation. This
allows us to reformulate all graph-related tasks as conditional generation problems. During the
generation process, we further enhance this guidance by introducing a manifold-constrained sampling
strategy. Our contributions are summarized as follows:

* We propose a unified Riemannian diffusion framework that provides a geometric understanding
of graph generation and prediction tasks by assigning geometric spaces aligned with the intrinsic
property of multi-level graph data.

* We introduce key improvements to both the encoding and generation stages of the Riemannian
latent diffusion framework, including multi-level product manifold modeling, a numerically stable
Riemannian kernel method, and a manifold-constrained conditional generation strategy, enabling
more accurate and robust learning of the underlying geometry in graph data.

» Extensive experiments demonstrate that our model achieves excellent performance across multiple
levels of tasks in generation, classification, and regression.

2 Related Work

Graph diffusion model for generation. Graph diffusion models can be broadly categorized into
two approaches: discrete diffusion and latent diffusion. In discrete diffusion, GDSS [21] employs
stochastic differential equation (SDE)-based diffusion techniques to model both node features and
adjacency matrices. GSDM [22] extends this framework by incorporating diffusion in the spectral
domain, further enhancing its capability to capture graph structures. DiGress [23]] adapts the diffusion
process specifically for discrete data, while GruM [24] introduces a Schrédinger bridge to preserve
the effective structural properties of graphs during generation. Defog [25]] proposes a discrete flow
matching method for generating discrete graph-structured data. In latent diffusion, Graphusion [26]]
utilizes variational autoencoders to map graph structures into a latent representation space, assigning
soft labels through structural clustering to capture spatial relationships. HypDiff [27] projects graph
structures into hyperbolic space and applies geometrically constrained diffusion to maintain the
anisotropic properties of graphs, ensuring that the generated structures align with their intrinsic
geometric characteristics.

Graph diffusion model for representation. Compared to their widespread use in generative tasks,
graph diffusion models have been relatively under-explored in the context of representation learning.
Among the few existing approaches, DDM [28]] focuses on denoising node features and leverages
a Unet-based architecture to extract effective representations. Meanwhile, LGD [15] represents
a significant advancement as the first model to unify generation and diffusion within a single
framework. It achieves representation learning by reformulating downstream tasks as conditional
diffusion processes, thereby bridging the gap between generative and discriminative objectives.

Riemannian representation model. Representation learning in Riemannian space primarily relies on
exponential and logarithmic mappings. For example, HGCN [7] uses exponential mapping to project
representations generated by GCN into hyperbolic space, performing operations like aggregation
and activation in Euclidean space after logarithmic mapping. [[12]] extends this to Riemannian spaces
with multiple curvatures, enabling more flexible representation learning. HyLA [29] introduces a
hyperbolic framework that replaces exponential mappings with isometric invariant kernel mappings,
preserving hyperbolic geometric properties. Building on this, MotifRGC [18]] generalizes the ap-
proach to arbitrary Riemannian spaces and uses contrastive learning to assign node-specific curvatures,
significantly improving representation expressiveness. The Riemannian MOE architecture [30} 31]]
has also been introduced to capture different graph structure features recently.

3 Method

In this section, we propose our model GeoMancer, a Riemannian diffusion model for graph generation
and prediction. In Section 3.1 we first introduce how to use a graph diffusion model as a unified
framework for both generation and prediction tasks. In Section[3.2] we propose the Riemannian graph
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Figure 2: An Illustration of GeoMancer Architecture.

Fourier Kernel

autoencoder. We first introduce a Riemannian kernel based on the generalized Fourier transform to
replace the exponential map. Then, we describe how the encoder captures the complex geometry of
the latent space, and how the decoder projects data onto the task-specific manifold. In Section [3.3]
we introduce a self-guided strategy for unconditional graph generation, allowing all graph tasks to
be unified under a conditional generation framework. We further incorporate a manifold constraint
guidance method to ensure the generation aligns with clean data manifolds. The preliminaries for the
methods are presented in the Appendix B.

3.1 Notation and Problem Definition

A graph with N nodes is defined as G = (X, E, Yx, Yg), where X = [z1, 29, ..., 2] € RVXdn
denotes the node features and x; denotes the feature of node i. E € RN*Nxde denotes the feature of
edges and e;; is the edge feature between node ¢ and node j. Yx € RN denotes labels or properties
of the nodes, Y € R denotes the label or property of the graph G.

Our model is a generative framework that unifies general generation and multi-level prediction
tasks under a diffusion paradigm. Specifically, it can be conceptualized as follows: (1) For the
unconditional graph generation task, the objective is to learn a graph generative model that can
capture the distribution p(G) of the target graph set {G1, Ga, ..., Gn}. (2) For the conditional graph
generation task, it seeks to generate synthetic graphs conditioned on specific label or property Y.
The goal is to model the conditional distribution p(G|Y¢). (3) For the downstream prediction task, it
can be viewed as a special form of the conditional generation task where the generation target is label
Y and the condition is (X, E). Thus, the generation model is to learn the conditional distribution of
p(Y|X, E).

3.2 Riemannian GyroKernel Autoencoder

The goal of Riemannian autoencoder is to encode complex multi-level graph features into a unified
low-dimensional latent space that preserves the geometric heterogeneity and decode them to the
task-specific manifold. However, mapping data onto a product manifold often relies on exponential
and logarithmic maps, which are prone to severe numerical instability, making the optimization
difficult.

To address this, we use a Riemannian kernel as a substitute, which maps Riemannian prior
representations to Euclidean space while preserving isometry for encoding Euclidean features. Guided
by Bochner’s Theorem (See the Appendix A), isometry-invariant kernels can be constructed through
Fourier mappings based on eigenfunctions of Laplace operators. In this work, we utilize a generalized
Fourier mapping ¢,r () defined in the gyrovector ball G} of Riemannian manifold with the learnable
curvature . Specifically, the eigenfunction gFZ, b, () in the gyrovector ball G? can be formulated
as:

gFZ,b,A(m) = Ay zcos(Mw, ), +b),z € Gy, ()



where A,, » = exp (%52 (w, z),). (w, ), = log 1||;Ii”f|‘\|22
ball. w denotes the phase vector, uniformly sampling from a a n-dimensional unit ball. b denotes the

bias, uniformly sampling from [0, 27].

is the signed distance in the gyrovector

Then the generalized Fourier mapping ¢4r () can be denoted as:

1 K K m
¢gF(I) = ﬁ [gFul,)\l,bl (), 7ngm,>\m,bm (x)] € R™. 2

We initialize a product manifold Riemannian representation vectors V,, = {V..,, Vi, ..., Vi, } with
different curvatures ;. Using equation (2], we compute the isometric-invariant Euclidean features

V. after generalized Fourier mapping:

Vi = (bgF(VN) = {¢8F(VN1)7 ¢gF(VH2)7 HERE) ¢gF(Vﬂm)}' 3)
Then, we can aggregate each dimension of any graph representation Z by taking advantage of the
geometric properties of the product manifold: Z = ZV . Unlike simple feature mapping, this
approach enables each dimension of the features to capture distinct geometric information, thereby
more effectively revealing the intrinsic geometric properties of graph features. We have provided a
more detailed introduction to this method in Appendix B.

Encoder. Here, we need to build a powerful graph encoder that can embed the node features X
and edge features F of the graph G into a unified low-dimension latent space Z = {Zx,Zg} €
RWHNXN)xd The graph-level feature Z¢ can be obtained by aggregating Zx and Zp. To better
represent edge features F, we adopt a flexible graph transformer [32] as the backbone network for
edge enhancement. It constructs relevant attention mechanisms for both nodes 7, and edges z.,; to
efficiently underlying the relationships between them. Specifically, the I-th graph transformer layer
can be represented as:

€ij J

o (p ((szvi,Kz;j) ® Bz, ) + Ebzéij> )
l+1)

€ij

+1 l 41

th = E :aij(vzmj +EUZ;7;, )v
JEV

a;; = Softmax ey (Wz

“

where Q, K, V. W E,,. E,, E, are learnable weight matrices; ©® denotes the elementwise multi-
plication; ¢ is a nonlinear activation and p(x) = (ReLU(x))/? — (ReLU(—x))'/2 is a function
used for training stability.

Then, the geometric latent representation Z is obtained by endowing the embeddings with product
manifold geometric properties with a given V ;. To simplify notation, we denote the geometric latent
representation Z as Z in the remainder.

Decoder. The decoder aims to project the latent representations Z onto task-specific manifolds,
enabling effective adaptation to downstream tasks. To achieve this, we design a dedicated decoupling
modle for each level feature. The core idea of this method is to split a complex product manifold
into multiple simple manifolds: M — M; x --- x M,, and selects the most appropriate geometric
representation based on the specific requirements of each task.

Proposition 3.1. Ler f; : M; — R,i € {1,2,..., L} be twice-differentiable functions such that
A, fi = Aifi, where A ay, is Laplace operators and \; is the eigenvalue.Take w; : M — M, to be
the projection of M onto M;, We can then define the natural extension of f; to M via g; = f; o w;. It

follows that
L L

L
Am] L9 = Q2 I ©)

=1 =1

According to the proposition [3.T}a Euclidean representation endowed with the geometric prior of
a complex product manifold can be decoupled into simpler representations over its constituent
manifolds.

Then, we decompose Z = [Z,.,, Zy,, - - -, Z,, ] into the representation of each component Z,.,. Since
they are still in Euclidean space after the generalized Fourier mapping, we directly use the attention
or linear layers at the end to capture the most effective manifold representation for the task.



Training Objective. The training objective encompasses a target loss L;4; and a regularization
constraints Ly.g:
L= ‘Ctgt + Ereg- (6)

In the generation task, the target loss L4 is composed of the reconstruction cross-entropy loss
of nodes and edges. For regression or classification tasks, the target loss L4, is the MSE of a
regression task or the cross-entropy of a classification task. The regularization loss £,.q repre-
sents the regularization constraints, which pushes the representation Z towards a standard normal
distribution, thus preventing high variance in the latent space. Specifically, it can be written as:
Lreg = DxL (q(Z | (Xa E)) H N(O?ID

3.3 Manifold-Constrained Diffusion

After obtaining a geometric latent representation Z = {Zx, Zg, Z¢ }, we conduct diffusion training
and generation within this unified latent space. In addition to incorporating geometric priors, a notable
advantage of the Riemannian kernel method is that the representations remain in Euclidean space.
This allows for the direct application of classical diffusion techniques without the design for more
complex Riemannian diffusion. The forward process [13] of the diffusion model gradually turns the
data toward noise. Specifically, this process can be defined as:

Q(Z|Zi—1) = N( X5/ a—1Z4-1,\/1 — ay—11) @)

where N (+) is the Gaussian distribution and &;_1 is calculated by noise schedule.

To better capture the complex data manifolds, we hope to adopt a manifold-constrained conditional
generation approach [20]. While tasks like conditional generation and prediction can be naturally
redefined as conditional generation problems, unconditional graph generation lacks explicit label
guidance. To bridge this gap, we introduce a self-guided mechanism that leverages the rich geometric
information embedded in the latent space to generate pseudo-labels, thereby providing effective
guidance to the model during generation.

Self-Guidance. Even in unconditional generation, structural variations inherently reflect differences
on the underlying geometric manifold. Therefore, a natural approach is to leverage the rich geometric
features encoded in the latent space to guide the graph generation process. By applying k-means
clustering to the latent graph-level representation Z¢;, we assign a pseudo-label C' to each graph.
Consequently, the unconditional generation of graphs can be reformulated as a new conditional
generation task to learn P(G|C). In the sampling stage, C'is selected randomly for each graph.

Further, we unify graph generation and prediction task by modeling them within a general conditional
generation framework to learn the distribution P(z|y). For unconditional generation, we generate
pseudo labels C' that capture complex geometric property through self-guidance. In conditional graph
generation, explicit graph properties serve as conditions. Predictive tasks, such as classification and
regression, are reformulated as conditional generation processes based on known representations.

We then adopt CFG++ [20]], a manifold-constrained classifier-free guidance method that formulates
conditional generation as an inverse problem, enabling the model to better capture the clean manifold
of the data. Specifically, the reverse generation process can be formulated as:

Zo = (Zi — VT = wéo(Ze,7(y))) /v
Zio1 =120+ /1 — ar—1€0(Zs)

where y is the condition and 7(y) is the latent embedding of y. €4 is derived from the outputs of the
model €y under both conditional and unconditional settings. Specifically, it can be written as:

®)

é0(Ze,7(y)) = (1 = Neo(Ze, 7(y)) — Aeo(Zy) ©)
where ) is a hyperparameter that controls the strength of condition guidance.

The model ¢y is optimized via a noise prediction strategy, learning to estimate the added noise in the
forward process:

Lairr =Bz, yeonon. [I€0(Ze,t, 7(y) — €3] | (10)



Table 1: Unconditional generation results on QM9. (Bold: best; Underline: runner-up.)

Model \ Validity (%)1  Uniqueness (%)t FCDJ] NSPDK ] Novelty (%)1
MoFlow 91.36 98.65 4.47 0.0170 94.72
GraphAF 74.43 88.64 5.27 0.0200 86.59
GraphDF 93.88 98.58 10.93 0.0640 98.54
GDSS 95.72 98.46 2.90 0.0003 86.27
DiGress 99.01 96.34 0.25 0.0003 35.46
HGGT 99.22 95.65 0.40 0.0003 24.01
GruM 99.69 96.90 0.11 0.0002 24.15
LGD 98.46 97.53 0.32 0.0004 56.35
GeoMancer | 100.00 95.74 0.09 0.0002 90.43

Table 2: Conditioal generation results on QM9 (MAE J). (Bold: best; Underline: runner-up.)

Method I Q  €HOMO  €LUMO Ae Cy
w 0.043  0.10 39 36 64  0.040
w (LGD) 0.058  0.06 18 24 28 0.038
w (GeoMancer) 0.054  0.06 16 22 27 0.037
Random 1.616  9.01 645 1457 1470 6.857
Natom 1.053 3.86 426 813 866 1971
EDM 1.111 2.76 356 584 655 1.101
GeoLDM 1.108 2.37 340 522 587 1.025
LGD 0.879 243 313 641 586 1.002
GeoMancer 0.832 2.38 304 628 581 1.002

Model Architechture. Since there is no prior information about edges during noise sampling, we do
not use message passing or positional encoding. Instead, we directly employ a graph transformer as
the denoising network. For incorporating conditional information, we follow existing methods [[15]
and introduce the condition y through the cross-attention:

I T
2zl = softmax( (thmi)(KﬁhT(y)) ) Vir(y),

Qb )T b
zle"‘J1 = softmax (" y ) Ver(y).

vd
4 Experiment

4.1 Experimental Setup

We evaluate the effectiveness of our mode by conducting experiments across multiple tasks. For
graph structure generation, we assess both unconditional and conditional molecular generation. For
prediction tasks, we evaluate the model’s performance on node classification and graph regression.
These tasks collectively cover node-level, edge-level and graph-level tasks, providing a thorough
assessment of our model’s capabilities.

For all baselines, we report their results based on the results presented in their papers or the optimal
parameters provided. All experiments were conducted using PyG, and the reported results are
averaged over five runs. All models were trained and evaluated on an Nvidia A800 80GB GPU. More
experimental details are reported in Appendix C.

4.2 Generation Task

We conduct molecular graph generation experiments on the QM9 dataset [33]], a widely used bench-
mark in machine learning for molecular data. QM9 contains 133,885 molecular graphs with 12

20ur code is available at https://github.com/RingBDStack/GeoMancer.



Table 3: Node-level classification tasks (accuracy 1) ( Bold: best; Underline: runner-up. OOM: cuda
out of memory.)

Model ‘ Photo Physics Pubmed Cora Citeseer

GCN 9270 +£0.20  96.18 £0.07 889+032 81.60+040 71.60+0.40
GAT 93.87 +0.11 96.17+0.08 83.28+0.12 83.00+0.70 72.10+1.10
GraphSAINT | 91.72+0.13 9643+0.055 85.64+0.26 81.82+0.22 7230+0.17
Graphormer 92.74 +0.13 OOM 92.64+096 82.62+0.12 71.60+0.32
GraphGPS 95.06 +0.13 OOM 90.28 +0.62 82.84+0.13 72.73+0.23
Exphormer 95.35+0.22 96.89+0.09 91.44+059 82.77+038 71.63+0.29
NAGphormer | 95.49 +0.11 97.34+0.03 91.76 £049 82.13+1.18 71.40+0.30
LGD 96.94+0.14 9855+0.12 92.88+0.29 82.81+1.18 72.40+0.30
GeoMancer | 97.05+0.13  98.78+0.12  93.10+0.29 83.50+0.23 72.60+0.20

Table 4: Ablation study on unconditional generation. (Bold: best; Underline: runner-up.)

Model \ Validity (%)1  Uniqueness (%)t FCDJ| NSPDK | Novelty (%)t
GeoMancer(w/o self-guidance) 98.99 97.61 0.12 0.0003 54.06
GeoMancer(w/o cfg++) 100.00 91.74 0.09 0.0010 76.43
GeoMancer(w/o Riemannian) 100.00 92.53 0.25 0.0004 90.26
GeoMancer ‘ 100.00 95.74 0.09 0.0002 90.43

quantum chemical properties limited to 9 heavy atoms. Unconditional Generation. In the un-
conditional molecular generation task, we evaluate the model’s ability to capture the distribution
of molecular data and generate chemically valid and structurally diverse molecules. Specifically,
validity is the fraction of valid molecules without valency correction or edge resampling. Uniqueness
quantifies the proportion of unique valid molecules among the generated set. Novelty assesses the
fraction of valid molecules that do not appear in the training set. To further evaluate the quality
of the generated molecules, we employ two additional metrics: the Neighborhood Subgraph Pair-
wise Distance Kernel (NSPDK) MMD [34]], which computes the Maximum Mean Discrepancy
(MMD) between the generated and test molecules by considering both node and edge features, and
the Fréchet ChemNet Distance (FCD) [35]], which evaluates the distance between the training and
generated graph sets using the activations of the penultimate layer of ChemNet, providing a measure
of similarity in the feature space. For the baseline models, we selected the classical and recent
state-of-the-art approaches, including MoFlow [36]], GraphAF [37]], GraphDF [38]], GDSS [21]],
DiGress [23]], HGGT [39], GruM [24] and LGD [15]].

The results have been reported in Table |1} It can be observed that our model achieves significant
improvements in the task of unconditional molecular generation. Specifically, we achieve state-of-
the-art performance in terms of validity and the distributional similarity of molecular structures.
In addition, our model shows competitive results in uniqueness and novelty. Notably, compared
to LGD [[15]], which also employs a latent graph diffusion framework, our approach achieves a
substantial improvement in novelty. We will further investigate the underlying reasons for this
phenomenon through detailed ablation studies.

Conditional Generation. For the conditional generation task, its objective is to generate target
molecules with specific chemical properties. Following the experimental setup outlined in [5], we
split the training set into two halves, each containing 50,000 molecules. We train a latent graph
diffusion model and a separate property prediction network on each subset. During evaluation,
we generate a molecule using the latent graph diffusion model conditioned on a given property
and then use the property prediction network to predict the target property y for the generated
molecule. We calculate the mean absolute error (MAE) between the predicted property and the
true value, conducting experiments across six properties: Dipole moment p, polarizability «, orbital
energies egomo, €LuMO, their gap Ae and heat capacity C'y. Following [[15]], we establish EDM [40]],
GeoLDM [3]] and LGD [15] as baseline models. Additionally, we include the following reference
points for comparison: (a) the MAE of the regression model w of ours which serve as a lower bound
of the generative models; (b) Random, which shuffle the labels and evaluate w, representing an upper
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Figure 3: Visualization of the embeddings with different downstream task in the sub-spaces of the
geometric decoupled decoders.

bound for the MAE metric; (c) Natoms, which predicts the properties based only on the number of
atoms in the molecule. The results are in Table

First, w of our model achieves lower MAE compared to other models, demonstrating that the Rie-
mannian autoencoder excels in regression capability. Additionally, our approach delivers outstanding
performance across multiple properties in the generation task. Notably, even without incorporating
3D information, we successfully achieve high-quality conditional generation.

4.3 Prediction Task

For predictive tasks, we evaluated the graph re-
gression task and node classification task.

[ GNN-AK+
CIN

GPS

LGD

Graph Regression. For graph regression task, 0.20

we select ZINC12k [1]], which is a subset of 015 FEd

ZINC250k containing 12k molecules. The w :;:;:% i ©53 GeoMancer
task focuses on predicting molecular properties, = q.10 i

particularly constrained solubility, with perfor- S|

mance evaluated by MAE. Here, we use the 0.05 i

official split of the dataset. As baselines, we Gl

consider a range of representative graph regres- 0.00—==

sion models. GIN [41] employs a simple sum
aggregator with learnable bias followed by MLP
updates, achieving expressive power equivalent
to the 1-WL test. PNA [42] combines multiple
neighborhood aggregators with degree-scalers, allowing the model to capture diverse structural statis-
tics. DeepLRP [43]] encodes local structural patterns by pooling over permutations of nodes within
small subgraphs. OSAN [44] introduces ordered subgraph sampling and aggregation to enhance
message passing with subgraph-level information. KP-GIN+ [45]] extends GIN with edge-sensitive
updates while aggregating peripheral K-hop subgraphs for richer context. GNN-AK+ [46] improves
expressiveness by applying a subgraph GNN to each node’s local induced neighborhood. CIN [47]]
generalizes message passing beyond edges by propagating information across nodes, edges, and
higher-order cells within a cell complex. GPS [48]] integrates local MPNN aggregation with global
Transformer attention in a hybrid design. Finally, LGD [15] applies latent-space diffusion to jointly
model graph structure and multi-level features.

Figure 4: Comparison of graph regression task on
Zinc12k dataset.

As shown in Fig. ] our model demonstrates superior performance compared to traditional regression
models. This fully demonstrates that GeoMancercan achieve better data understanding capabilities
by effectively capturing the underlying geometric manifolds of complex multi-level data. The
improvement over baselines highlights the model’s ability to integrate both local and global geometric
information in its representations. Furthermore, GeoMancerconsistently produces accurate predictions
across different datasets and experimental settings, reflecting the stability of its learned embeddings.
In addition, GeoMancerexhibits an excellent convergence rate, as described in Appendix D, making
it efficient to train while maintaining high performance.



Node Classification. For node classification tasks, we evaluate our model on several widely used
benchmark datasets [49]: Amazon Photo, a co-purchase network where nodes represent products and
edges indicate frequent co-purchases; PubMed, a biomedical citation network; and Physics, a citation
network from the arXiv Physics section;Cora, a citation network of scientific publications; Citeseer, a
citation network of six research fields related to computer science. These datasets provide diverse
scenarios for evaluating our model’s ability to capture node-level semantics. The common 60%, 20%,
20% random split is adopted for the first three dataset, with the remaining adopting the standard
split. We use Accuracy as the classification metric. Baselines include classic GNNs (GCN [50],
GAT [31]], GraphSAINT [52]) and graph transformers (Graphormer [S3]], SAN [54]], GraphGPS [48]],
Exphormer [55]], NAGphormer [56]).

The results are reported in Table 3] Our model achieves state-of-the-art performance on the node
classification task, surpassing not only GNNs but also Graph Transformers. This demonstrates the
model’s ability to effectively capture the conditional probability distribution for regression tasks.
Furthermore, our approach outperforms LGD, highlighting that the Riemannian diffusion mechanism
successfully identifies the Riemannian manifold better suited for node classification tasks. However,
since node classification only involves modeling node-level manifolds and is relatively simple, the
performance improvement is less significant compared to graph regression tasks.

4.4 Ablation Study

As shown in Table ] we further investigate the contribution of each component in GeoMancer.
Notably, the substantial improvement in molecular validity primarily results from the self-guidance
mechanism, which effectively exploits the complex geometry of the latent space to guide the gen-
eration process. In contrast, the increase in Novelty arises from the joint effect of self-guidance
and manifold-constrained conditional generation. Additionally, the Riemannian model significantly
enhances the model’s ability to capture the underlying data distribution, showing better performance
in FCD and NSPDK.

4.5 Visualization

To demonstrate the effectiveness of manifold selection, we visualize the decoupled manifolds and
their weights on the ZINC12k dataset. As shown in Fig. [3] our approach captures geometric priors
with diverse curvature representations, dynamically leveraging them across task levels. For example,
at the graph level, molecular solubility is mainly influenced by hyperbolic and spherical features, with
Euclidean features playing a smaller role. At the node and edge levels, each manifold contributes
more evenly, with the visualization highlighting how different spaces adapt to the data’s structural
characteristics. These findings show that manifold selection enhances representational diversity and
reveals how geometry impacts multi-level features.

5 Conclusion

In this work, we introduced GeoMancer, a Riemannian graph diffusion framework that unifies
generation and prediction tasks by explicitly modeling manifold signatures in graph data. By
replacing unstable exponential mappings with a Riemannian gyrokernel and decoupling multi-level
features across task-specific manifolds, our method effectively mitigates numerical instability and
preserves the geometric priors of non-Euclidean structures. Furthermore, the manifold-constrained
diffusion and self-guided generation strategies ensure that generated samples remain consistent with
their underlying manifold distributions. Extensive experiments on benchmark datasets validate the
advantages of GeoMancer, showing clear improvements in classification tasks, regression tasks, and
generative tasks.
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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: We have fully explained our motivation and main contributions in the abstract
and introduction.

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 discussed the limitations of the method in Appendix E.
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]
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Justification: We introduced the assumpiton settings of each theorem in Section [3.2] and
wrote the detailed proof process in Appendix A.

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: We have provided detailed hyperparameter settings for each experiment in
Appendix C and the codes in Section 4. And we have given the detailed algorithm process
in Appendix B.

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
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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?

Answer: [Yes]

Justification: All of our codes and data are open access. The relevant code anonymous link
is in Section 4.

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: We have provided detailed instructions for the experimental setup in Section[d.T]
and Appendix C.

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: Our results have all been verified through multiple experiments to report the
experimental error bars.

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.
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8.

10.

* 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).

¢ 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).

o 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: We described the computing resources we used in the experimental setup in
Section .11

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: Our research complies with ethical guidelines and does not involve related
issues.

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 detailed our impacts in Appendix F.
Guidelines:

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

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).

11. Safeguards

12.

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: Our research field does not involve security issues. All the data is open access
and there is no need to consider security risk issues.

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: All the assets in the paper have complied with the relevant terms.

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.
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13.

14.

15.

* 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.

* 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: [NA]

Justification: The anonymous code we submitted will be released after being accepted, so
there are no issues about the license now.

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: There are no human subjects in our paper.
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: There are no human subjects in our paper.
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.
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* 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.
16. Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: We just used large language models to modify the writings of the paper, so
there is no need to declare it.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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A Proof and Derivation

In this section ,we proof the Proposition 3.1.

Definition Given a Riemannian manifold (M",g) and a function mapping ¢ € C°°(M), the
differential map is linear for all z € M. The gradient V4 of a function f is denoted as:

<vg50(xi)szi>g(oc) =dz,0(Xy,;) (12)

where d, o : T, M — Riis linear for all X, € T, M.
The divergence is the operator div, : 'cee (T'M) — C*° (M) making

d(tywy) =divgX -w, forallX € T'ce (TM). (13)
where I'coo (T'M) represents the space of smooth sections of the tangent bundle.

The Laplacian on (M, g) is the operator defined as A, = —div, o V.

Lemma A.1. For any smooth functions @, € C*(M), the Laplace-Beltrami operator A4 satisfies
the following product rule:

Ag(p-¥) = vAgp + @Agh — 2(Vyp, V1)) . (14)

This identity generalizes the classical product rule of the Laplacian to Riemannian manifolds,
where(-, ), represents the Riemannian inner product with the metric g.

Proof. To derive the formula for the divergence of a vector field on a Riemannian manifold, we begin
by considering a smooth vector field

n

d
X = ;bj%j € Tow (TM).

We express the contraction of X with the volume form w:

S S I N Sy R R
XTI\ Oxy O Oy | Y "Oxy’ T Oz Oy,

. 0 0
_ (_1)i—1
=(-1) wg(axl"“’X“'.’axn)

. 0 0
— (— 1—1 e _ _—
= (—=1)"""+/|detg|dzy A --- ANdzxy, <6$1,...,X,...,axn>
=b;(—1)""1y/| det g|.

(15)
Next, we compute the exterior derivative of the contraction:
d(txwy) = d (Z bi(—1)" " /| det gldzy A~ Adzi A--- A dxn>
i=1
n ) a R
= Z(—l)Ha (bir/| det g|)da; Adazy A Adzy A Aday,
=1 " (16)

I
\E

5‘2 (biv/| det g|)dzy A -+ Adxy,

=1

1 "9
/| det g| ; Ox;

o
Il

(biv/|det g|) - wg.
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Since the divergence of a vector field is defined by div, X = d(txwg)/wy, we obtain:

1 9
divy X = —— ——(bi/| det g]). 17
vy o] ; 5 b/ detg]) (17)

Now, we generalize this formula to the case where the vector field is multiplied by a smooth function
@:

divg(pX) = pdivg X + (Vep, X) . (18)

This formula plays a crucial role in deriving the Laplace-Beltrami operator’s product rule. Using the
definition A, = —div, V4, we proceed to compute A, (p1)):

Ag(@¢) = —divy (Vg(wb))
—divy (Vg9 + ¥V 49)
— [divy (V1) + divy (V)]

= - {‘P divy(Vey) + (Vep, Vi) g + 9 divg(Vge) + (Ve, Vg¢>g} (19)
=— [@Agw +9Agp+2(Vgp, Veih),
= wAg‘P + ‘PAgw - 2<vg‘Pa vzﬂr/)>g'

Thus, we have established the product rule for the Laplace-Beltrami operator on a Riemannian
manifold.

O
Here we begin to proof the proposition 3.1:

Proof. According to mathematical induction,
Base Case: L=1

For L = 1, the theorem reduces to the action of the Laplace-Beltrami operator on a single function
g1- By definition, if ¢; is an eigenfunction of A, with eigenvalue A\, we have:

Apmg1r = Mg, (20)

which trivially satisfies the theorem. This establishes the base case.
Inductive Hypothesis: L=N

Assume the theorem holds for L = N, i,e.,for any product of N eigenfunctions g1, g2, . . . , gn With
corresponding eigenvalues A1, Ag, ..., Ay, the Laplace-Beltrami operator acts as:

N N N
Am (Eg) = (; Az-) ng 1)

Inductive Step: L=N+1
We now prove the theorem for L = N + 1, we can get:

N+1
Am(]] 9) = Am
i=1

N
1 gi)gN+1‘| : (22)

i=1

Considering the Eq. and Lemma[A.T], we can derive it as:
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N+1

N
m(J] 9) = A (H 92’) 9N+1]
i=1 i=1

N N N
=gn1Am [ o + [ ] 9iDmgnia —2 <VM 119 V/\/19N+1>
g

=1 i=1 =1
N N N
= gN+1(Z ) Hg + (H 91) Agn 2 ON 11 (23)
N+1 lNl-',-l
Z )‘ H 9i + /\N+1 H 9i

N+1 N+1

:(Zmﬂgi

It can be observed that the theorem holds for L = N + 1. Thus, we have successfully proven the
proposition 3.1.

B Preliminary

B.1 Preliminary of Riemannian Geometry

In this section, we provide a detailed introduction to Riemannian geometry.

A smooth manifold M is termed a Riemannian manifold when equipped with a Riemannian metric
g. Curvature c is a crucial measure that quantifies the extent of geodesic bending. For each point
x € M, there exists a tangent space 7, M C R that surrounds z, where the metric g is applied to
determine the manifold’s shape. The relationship between the tangent space and the manifold is
established through exponential and logarithmic maps. Specifically, the exponential map at point x,
represented as expS(-) : T, M — M, transforms points from the tangent space into the manifold,
while the logarithmic map log’ (-) = (exp%(-)) ! serves as its inverse..

In this paper, we use three geometric spaces of different curvature to form a product Riemannian
manifold space: Euclidean space (¢ = 0), hyperbolic space (c < 0), and spherical space (c > 0).

Hyperbolic space. A hyperbolic space is defined as H= {x, € R : (x,,x,), = 1/c}, where d
represents the dimension and the inner product is deﬁned as (X,y)e = —x1y1 + =2 z;y5). Ina
hyperbolic space, The geodesic distance between the two points is:

d(z,y) = arccosh (¢ * (X,¥)z) . (24)

1
v —C
The exponential map in hyperbolic space is defined as:

exp; (x) = cosh (v =clx[[) xp + sinh (vV/=c||x||) ——=— (25)

WH ¥

Sphere space. Sphere space is defined as S¢ = {x, € R : (x,,x,)s = 1/c}, where the inner
product is the standard Euclidean inner product (x,y)s = > Ji +1 x ;. The geodesic distance between

the two points is:

1
d(z,y) = 7 axocos (c{x,¥)s) - (26)

The exponential map in spherical space is defined as:

exp, (r) = cosh (Vel|x]]) x, + sinh (vc|[x]]) 27

X
v=cllx||
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A product manifold is the Cartesian product P = x "7, M%:, where ¢; and d; are the curvature and
dimensionality of the manifold /\/li(l respectively. If we restrict P to be composed of the Euclidean

. a ds$
plane Eg}s hyperboloids HC{_I and hyperspheres S(é_ of constant curvature, we can represent an

arbitrary product manifold of model spaces as such:

H S
P = E% x (?Hj@) x <1;<8Sdk) (28)
j=1 % k=1 %

In Riemannian machine learning, each layer requires the conversion between exponential and
logarithmic mappings. Although this process is conceptually natural, it is computationally complex
and prone to instability. Notably, the equations associated with exponential mappings often lead
to instability issues, such as values becoming excessively large or small, resulting in NaN (Not a
Number) problems. Consequently, it is frequently necessary to meticulously identify appropriate
hyperparameters to mitigate these issues.

B.2 Kernel Method

Theorem B.1. Bochner’s theorem [I57]: For any shift-invariant continuous kernel k(x,y) = k(x—y)
defined on R™,if p(w) is its Fourier transform and &,(x) = exp(i(w, x)). then k is positive definite
if and only if p > 0. In this case if we sample w according to the distribution proportional to p(w),
the kernel k can be expressed as:

Mo —u) = [ p)esplit,e ~ ))do =K0) Buy [Cu@6e@)]. @9

Since both the probability distribution p(w) and and the kernel k are real, the integral is unchanged
when we replace the exponential with a cosine. Leveraging this property, [29] developed a hyperbolic
Laplacian feature function within hyperbolic space H¢, yielding a hyperbolic Laplacian feature that
approximates an invariance kernel in H:

n—1

HyLa, ; ,(2) = exp ( (w, z>H> cos (Mw,z)g +b). (30)

[L8] generalized it to the more general Riemannian manifold. The Laplacian features of the
Riemannian space are extracted by deriving the eigenfunction in the gyrovector ball G

gFZ,b,)\(m) = Aw,fl! cos (/\<wa .’B>,{, + b) RS GZ? (31)

Ltrle|?
llz—cll?

where Ay, » = exp (%5 (w, @)x), (w, ), = log

Using the Eq. (31), a generalized Fourier map ¢,r () can be constructed to estimate an equidistant-
invariant kernel on a Riemannian space. Moreover, this kernel can be seen as a generalization of
Poisson’s kernel in hyperbolic space.

This kernel method can be applied to two types of features: node embeddings and feature embeddings.
For node embeddings, a Riemannian feature representation must first be constructed for each indi-
vidual node z;. Then, the inner product (¢,r(27), ¢gF(z;)) between nodes v; and v, approximates
a kernel function k(z;, z;). The optimization of z; is driven by the goal of learning an effective
kernel over the product space to support downstream tasks. For feature embeddings, we represent
normalized node feature as X € R™*“ and inital Riemannian embedding as z;. Then it can be

calculated by ZZ:1 Xikogr(zr). Its inner product between two features is:

d d d
O Xindar(zr), Y Xjutdar(21)) = Y XX (dgr(2k), der(21)). (32)
k=1 =1 k=1
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B.3 Preliminary of Diffusion Model

Denoising Diffusion Probabilistic Models (DDPMs) [[13]] are a class of generative models based on
diffusion processes that generate high-quality samples by simulating a step-by-step denoising process,
transforming noise into realistic data. The core idea of DDPMs is to construct a generative model
through two complementary processes: a forward process that gradually adds noise to data, and a
reverse process that learns to iteratively denoise and reconstruct the data distribution.

Forward Process: the forward process ¢(z|x) is the variance-preserving Markov process:

q(z\|x) = N(axx,o31),wherea = 1/(14+e ), 03 =1—a3 (33)

For intermediate steps, the transition between noise levels is given by:

q(zx|zx) = N((ax/a,\/)z,\/,af\M,I),Where)\ < X,aip\, =(1-e"N)o? (34)

Reverse Process: The reverse process is a generative model that starts from a prior distribution
po(2a,,;,) = N(0,I) and reconstructs the real data distribution by iteratively denoising the data. The
reverse transition is modeled as:

Po(2x]22) = Ny )z (23, %0(22)), (535) " (032)") (35)

where fiy, (2, %) = e (ax /an)za + (1 — e~ )ayx, and T =1 A3,

The model is trained to predict the noise at each step by minimizing the objective function, which
measures the discrepancy between the predicted noise and the actual noise added during the forward
process. Specifically, the training objective is formulated as: Ec » [||l€g(zx) — €|3]

To enhance the controllability and quality of generated samples, DDPMs often employ guidance
mechanisms:

Classifier Guidance: Classifier guidance [58] introduces a conditional diffusion process by leverag-
ing a pre-trained classifier pp(c|z,). The guided noise prediction is given by:

€9(zx,¢) = €9(zx, €) — wo\Vy, logpe(c|zy) = —\V, [logp(za|c) + wlogpy(c|zy)], (36)

where w controls the strength of the guidance. This can be interpreted as:

€9(zx,c) = —0\Vy, [logp(zx|c) +wlogpy(c|zy)]. (37

Classifier-free Guidance: Classifier-free guidance [59] eliminates the need for a separate classifier
by jointly training conditional and unconditional models. The guided noise prediction is computed
as:

€9(zn,c) = (1 +w)ep(zn,c) — wey(zy) (38)
where w is a hyperparameter that controls the strength of conditional guidance. This approach

simplifies the training process while maintaining high controllability.

Manifold-Constrained Classifier-free Guidance: [20] model condition generation as solving an
inverse problem:

mij\r}1 lsas(x),  Lsgs() := ||eg(Varx + V1 — aze, c) — €3 (39)

xTE

This implies that the goal is to identify solutions on the clean manifold M that optimally aligns with
the condition c. The resulting sampling process from reverse diffusion is then given by

o1 = Va1 (2o — %Visleds(Be)) + VI — d_1€s. (40)
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Table 5: Overview of the datasets and metrics used in the paper.

Dataset ~ #Graphs Avg. #nodes Avg. #edges Prediction Level Task Metric

QM9 130,000 18.0 373 graph regression Mean Absolute Error
ZINC 12,000 23.2 24.9 graph regression Mean Absolute Error
Cora 1 2708 10,556 node 7-way classification Accuracy
PubMed 1 19717 88648 node 3-way classification Accuracy
Photo 1 7650 238,162 node 8-way classification Accuracy
Physics 1 34,493 495,924 node 5-way classification Accuracy

we can equivalently write the loss as {sqs(2) = 125 ||z — &%, so it can be written as:

1—a
Ti—1 = Vo1 (Fs + M — 2g)) + /1 — &_1€x (41)

C Experiment details

Diffusion Process. In all experiments, we employ a diffusion process with 7" = 1000 diffusion steps,
diffusion steps, parameterized by a linear schedule for «; and a corresponding decay for &;. For
inference, we adopt the DDPM framework.

Model Architechture. For the node-level task, including all node classification datasets, we use an
MPNN-centric model as the encoder, which consists of GCN, GIN and GAT. Typically, we use a
S-layer architecture with residual connections and normalization layers to facilitate optimization. The
optimizer is AdamW, with a learning rate of le-3 and a weight decay of le-5. The dimension of final
hidden layer is set to 4. Since the node classification task only considers the node features, we only
study the reconstruction loss and Riemann decoupling of the node features. Here, we initialize the
curvature of a product manifold consisting of three gyroscopic space vectors with curvature -1,0,1,
respectively, with dimension 4. The random Laplacian map is then calculated separately and the
underlying spatial features are transformed into Riemannian Spaces. Finally, they are weighted by a
linear layer and then decoded by a linear layer.

For graph-level tasks, such as graph generation and regression, we employ edge-enhanced graph
transformers as the backbone network, incorporating position embeddings to capture structural
information. For the decoder, we design a Riemannian decoupling layer for each subtask, including
node-level reconstruction, edge-level reconstruction, and graph-level property reconstruction. After
the Riemannian decoupling layers, a linear layer aggregates representations from each Riemannian
space, and the final results are produced through an additional linear layer. The optimizer is AdamW,
with a learning rate of le-4 and a weight decay of 1e-6. The dimension of final hidden layer is set to
16 or 32.

D Experiment Analysis

D.1 Analysis of Riemannian Autoencoder

To better analyze the impact of our Riemannian autoencoder, we conduct a detailed evaluation on
the ZINC12 graph regression task. Figure [D.T|reports the convergence speed of MAE during model
training. We compare our approach with the model without Riemannian block. The learning rate
setting of the optimizer remains consistent, all being 1e-5. The results show that the convergence
speed of this model is significantly accelerated. Furthermore, our final convergence result is superior
to removing the Riemannian block. We attribute this improvement to the Riemannian decoupler,
which effectively decouples each feature onto the appropriate product manifold, thereby promoting
more efficient learning.

E Limitation

Due to the limitation of computing resources, our model is not large enough and lacks the verification
of the scaling law of the diffusion method on graph tasks.
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Figure 5: MAE during the training in graph regression.

F Broader Impact

This paper aims to advance the field of graph generation technologies. Our work contributes to the
field of Machine Learning and has many potential societal consequences. It may play an important
role in understanding fields such as drug generation and recommendation systems based on graph
structures from a geometric perspective. However, we believe that there are no negative impacts that
need clarification.
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