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Abstract

Transformers have been recently explored for 3D point cloud understanding with
impressive progress achieved. A large number of points, over 0.1 million, make the
global self-attention infeasible for point cloud data. Thus, most methods propose to
apply the transformer in a local region, e.g., spherical or cubic window. However, it
still contains a large number of Query-Key pairs, which require high computational
costs. In addition, previous methods usually learn the query, key, and value using a
linear projection without modeling the local 3D geometric structure. In this paper,
we attempt to reduce the costs and model the local geometry prior by developing a
new transformer block, named ConDaFormer *. Technically, ConDaFormer disas-
sembles the cubic window into three orthogonal 2D planes, leading to fewer points
when modeling the attention in a similar range. The disassembling operation is
beneficial to enlarging the range of attention without increasing the computational
complexity but ignores some contexts. To provide a remedy, we develop a local
structure enhancement strategy that introduces a depth-wise convolution before
and after the attention. This scheme can also capture the local geometric informa-
tion. Taking advantage of these designs, ConDaFormer captures both long-range
contextual information and local priors. The effectiveness is demonstrated by
experimental results on several 3D point cloud understanding benchmarks. Our
code will be available.

1 Introduction

As a fundamental vision task, 3D point cloud analysis [70, 5©, |7, ©/] has been studied extensively
due to its critical role in various applications, such as robotics and augmented reality. The inherent
irregularity and sparsity of point clouds make the standard convolution fail to extract the geometric
features directly. As a result, different strategies have been proposed for 3D point cloud data
processing, which can be roughly divided into the voxel-based methods [ ], the projection-based [ /],
and the point-based [, ©/]. Many methods achieve remarkable performance in point cloud analysis
tasks, such as point cloud segmentation [/ ~] and 3D object detection ['].

In recent years, transformers [ /('] have shown a powerful capability of modeling long-range de-
pendencies in the natural language processing community [| /, ©0]. Following ViT [!"], trans-
formers [, 77, | °, V7, 7] also achieve competitive or better performance in comparison with the
CNN architectures in many 2D vision tasks, such as object detection and semantic segmentation.
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Regarding the 3D point cloud data, the graph structure makes it natural to apply transformers in
hierarchical feature representation, and there are indeed many attempts [/, ©(), *-] focusing on
efficient designs. Since the 3D scene data usually contains more than 0.1 million points [/ "], it is
impractical to apply self-attention globally. Instead, a local region obtained by KNN search [(/] or
spatially non-overlapping partition [ -] is selected to perform the attention. Nevertheless, due to the
3D spatial structure, it still requires high computational costs.

Additionally, for 2D image data, convolution operation has been explored to assist the transformer
in modeling local visual structures [, © /], whereas such a strategy is under-explored for 3D point
cloud data. As the density varies across the point cloud, we cannot concatenate the raw pixels within
a patch for query, key, and value learning as in 2D image data. As a result, it is important to model the
local geometric structure for better feature representation. In fact, in Point Transformer v2 [©(/] and
Stratified Transformer [ ], although grouping-then-pooling is used to aggregate local information
in the downsampling operation between adjacent encoding stages, we deem it is still inadequate for
modeling local geometry prior.

Keeping the issues aforementioned in mind, in this paper we x10° ‘
develop a new transformer block for 3D point cloud under- —-Cubic Window
8 t|{—=Disassembled Window

standing, named ConDaFormer. Specifically, regarding the
computational costs, we seek an alternative window partition
strategy to replace the 3D cubic window, which can model the
dependencies in a similar range but involve fewer points. In-
spired by CSWin [ | -], we disassemble the cubic window into
three orthogonal 2D planes. In this way, for a query point, only //
the points located in three directions are considered the key. Q016 024 032 04 048
Therefore, we can enlarge the attention range with negligible Window Size (m)
additional computational costs. The triplane-style strategy is
also used by EG3D [ "] in 3D generation, which aims at repre- p) .

. g . . ow Size. We count the average num-
senting the 1nterme§11ate 3D Volumfe into three planes to reduce .. ¢ Query-Key pairs for computing
memory consumption. As shown in Figure 1, we can observe  gf_attention under different window
that for similar distances, the multi-plane windows contain gjzes in scenes of S3DIS [ '] with 80k
fewer Query-Key pairs. However, as shown in Figure 3 (a), the points input. We can observe that the
disassembling operation inevitably causes fewer contexts to be  disassembled window partition can re-
modeled. To alleviate this issue, we apply a depth-wise sparse ~duce the number of pairs remarkably.
convolution (DSConv) before the attention to aggregate more
contextual information for the query, key, and value as a complement. Moreover, after the attention,
we also propagate the updated feature of each point to its local neighbors with another DSConv
operation. Such local structure enhancement based on sparse convolution not only compensates for
the context loss caused by disassembling but also benefits local 3D geometric prior learning. Thanks
to the efficient designs, our ConDaFormer is able to model both dependencies in a larger range and
the local structure.
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Figure 1. Query-Key pairs v.s. Win-

In total, the main contributions of this paper can be summarized as follows:

* We propose a novel disassembled window attention module for 3D point cloud understanding
by disassembling the 3D window into three orthogonal planes for self-attention. This strategy
effectively reduces computational overhead with negligible performance decreases.

* To enhance the modeling of local features, we introduce depth-wise sparse convolution within
the disassembled window attention module. This combination of self-attention and convolution
provides a comprehensive solution for capturing both long-range contextual information and local
priors in 3D point cloud data.

» Experiments show that our method achieves state-of-the-art performance on widely adopted large-
scale 3D semantic segmentation benchmarks and comparable performance in 3D object detection
tasks. Extensive ablation studies also verify the effectiveness of our proposed components.

2 Related Work

Vision transformers. Inspired by the remarkable success of transformer architecture in natural lan-
guage processing [ /'], Vision Transformer (ViT) [ | ©'] has been proposed, which decomposes image
into non-overlapping patches and leverages the multi-headed self-attention by regarding each patch as



a token. However, global self-attention across the entire image imposes a substantial computational
burden and is not applicable for pixel-level image understanding tasks with high-resolution image
input. To tackle this issue and extend ViT to downstream tasks, Swin Transformer ['-/] proposes to
confine self-attention to local non-overlapping windows and further introduces shift operations to
foster information exchange between adjacent windows. To enlarge the receptive field, some tech-
niques, such as Ccnet [ /], Axial-Attention [ /], and CSWin Transformer [ "], propose to perform
self-attention in striped window. Such designs enable pixels to capture long-range dependencies while
maintaining an acceptable computational cost. In addition, several recent approaches [ /=, *7, © /]
attempt to integrate convolutions into transformer blocks, leveraging the benefits of local priors and
long-range contexts.

Point cloud understanding. Existing methods for point cloud understanding can be broadly classified
into three categories: voxel-based, projection-based, and point-based. Voxel-based methods [© 7/, | ]
divide the point cloud space into small voxels (i.e., voxelization) and represent each voxel with a
binary value indicating whether it is occupied or not. Earlier approaches [, © /] directly apply
convolution on all voxels, which causes a large computational effort. To improve computational
efficiency, some methods [/, * /] propose octrees representation for point cloud data to reduce the
computational and memory costs. Recently, considering the sparsity property, many methods [ 7, ]
develop sparsity-aware convolution where only non-empty voxels are involved. For example, Choy
et al. [ ] represent the spatially sparse 3D data as sparse tensors and develop an open-source
library that provides general operators (e.g., sparse convolution) for the sparse data. Projection-based
methods [/, 0] project the point cloud data onto different 2D views. In this way, each view can be
processed as a 2D image and the standard convolution can be used straightforwardly. Both voxel-
based and projection-based methods might suffer from the loss of geometric information due to the
voxelization and projection operation. In comparison with them, point-based methods directly operate
on the raw point cloud data. Following the pioneering work, PointNet [ ] and PointNet++ [ "], a
large number of approaches for local feature extraction have been proposed [0, /7, /0, V0, , 2.
These methods utilize a learnable function to transform each point into a hlgh dlmenswnal feature
embedding, and then employ various geometric operations, such as point-wise feature fusion and
feature pooling, to extract semantic information.

Point cloud transformers. As transformers have shown powerful capability in modeling long-
range dependencies in 2D image data, it is natural to explore the application to point cloud data
with graph structure [/, “ 5, 50, 24, 20, 0, ©5]. Although most transformer-based point cloud
understanding networks can be classified into the point-based aforementioned, we review previous
works especially here since they are very close to this paper. Point Cloud Transformer (PCT) [ '] and
Point Transformer v1 (PTv1) [ /] make earlier attempts to design transformer block for point cloud
data. However, similar to ViT [| V], PCT performs global attention on all input points, leading to high
computation and memory costs. In comparison, PTv1 achieves self-attention within a local region for
each query point, which largely reduces the computational effort and can be applied to scene-level
point clouds. Following PTv1, Point Transformer V2 (PTv2) [*)] further promotes the study in
point cloud transformer and achieves better performance on typical point cloud analysis tasks with
developed grouped vector attention and partition-based pooling schemes. Instead of the overlapping
ball regions, Stratified Transformer [ '], inspired by Swin Transformer [/*'], splits the 3D space into
non-overlapping 3D cubic windows to perform local self-attention within each window. To enlarge
the receptive field and capture long-range contexts, it also develops a stratified strategy to select
distant points as well as nearby neighbours as the keys. Considering the special structure of LIDAR
data, SST [ ('] first voxelizes 3D LiDAR point cloud into sparse Bird’s Eye View (BEV) pillars and
then splits the space into non-overlapping 2D square windows to perform self-attention. To solve
the problem of inconsistent token counts within each window in SST, FlatFormer [/ "] first re-orders
these pillars in the BEV space and then partitions these pillars into groups of equal sizes to achieve
parallel processing on the GPU. CpT [ ] and 3DCTN [ '] explore the local structure encoding in
the transformer block but only focus on small-scale data, like the CAD model. To provide more
exhaustive progress on the point cloud transformer, here we further briefly discuss two recent works
that were uploaded to the arXiv website shortly before the manuscript submission, Swin3D [ ]
and OctFormer [ /-]. Swin3D mainly focuses on the 3D backbone pre-training by constructing a 3D
Swin transformer and pre-training it on a large-scale synthetic dataset. OctFormer aims to reduce
the computation complexity of attention by developing octree-based transformers with the octree
representation of point cloud data. Both of them and ours aim to explore the transformer in point
cloud analysis in different ways.
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Figure 2. (a) Framework overview. The entire network consists of a Point Embedding layer and four stages each
one of which contains a downsampling layer and N; ConDaFormer blocks. (b) Structure of ConDaFormer block.
Each ConDaFormer block consists of two Layer Normalization layers, an MLP, and a ConDaFormer module. The
module contains a disassembled window attention, two linear layers, and two local structure enhancement (LSE)
modules before and after the attention.

3 Method

3.1 Preliminary

Overview. Regarding the point cloud understanding task, our goal is to develop a backbone network
to generate high-level hierarchical features for a given point cloud, which can be further processed
by a specific task head, such as semantic segmentation and object detection. We focus on designing
a transformer block that can be used to construct such a backbone. Specifically, let X = (P €
RYV*3, F € RV*Y) represent the point cloud feed into the transformer block, where P represents
the 3D position of N points and F' denotes the features with channel number C'. The transformer
block processes X by exploiting the attention mechanism [ /'] and generates new features. We design
the transformer block by disassembling the typical 3D window into multiple planes and introducing
the local enhancement strategy, resulting in our ConDaFormer block. Based on ConDaFormer,
we can construct networks for different point cloud analysis tasks, including point cloud semantic
segmentation and 3D object detection. In the following, we detail ConDaFormer and the proposed
networks for two high-level point cloud analysis tasks. Before that, we first give a brief introduction
to the transformer based on the shifted 3D window, i.e., basic Swin3D block.

Basic Swin3D block. ViT [ | ] achieves global self-attention of 2D images by partitioning the 2D
space into non-overlapping patches as tokens. However, for high-resolution images, global attention is
high-cost due to the quadratic increase in complexity with image size. To encourage the transformer to
be more feasible for general vision tasks, Swin Transformer ['] develops a hierarchical transformer
block where self-attention is applied within non-overlapping windows, and the adjacent windows are
connected with a shifted window partitioning strategy. For the 3D point cloud data, we can naively
extend the 2D window to the 3D version [/, ©]. Specifically, let X; = (P € RN+*3 F, € ]R{foc)
denote the points in the ¢-th window with the size of S x S x .S and containing N; points. The
self-attention with H heads can be formulated as:

QF = Linear(X,), K" = Linear(X,), V" = Linear(X;),h € [1, ..., H],

Attn(X;) = Soft((QM)(KMT /\/C/H) (VI , h e [1,..., H], 1)
Swin3D(X;) = Linear([Attn* (X;) @ - - - ® Attn™(X;) @ - - - @ Attn™ (X)),

where 1) h indicates the h-th head; 2) Q;, K, and V,* represent query, key, and value, respectively;
3) Linear denotes the Linear function (Note that these linear functions do not share parameters); 4)
Soft denotes the Softmax function; 5) Attn denotes the self-attention operation; 6) |- @ -] represents
the concatenation operation along the feature channel dimension. To achieve a cross-window
connection, the shift along three dimensions with displacements is utilized in a successive transformer
block with similar operations in Eq. 1.

Although the local window attention largely reduces the computational complexity in comparison
with global attention, for each partitioned 3D window, the computation for self-attention is still
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Figure 3. Two components in the ConDaFormer block. (a) An illustration of window partition: from cubic
window to disassembled windows. The light blue areas indicate the regions involved in self-attention. (b) The
detailed structure of the LSE module.

high-cost. In this paper, we explore how to further reduce the computational costs with small changes
in the range of attention. Specifically, we develop a new block ConDaFormer, which enlarges the
attention range with negligible additional computational costs.

3.2 ConDaFormer

In this part, we introduce our ConDaFormer by detailing the two main components: disassembling
operation and sparse-convolution-based local structure enhancement.

Cube to Multiple planes: Disassembling the 3D window. As analyzed before, the 3D window
attention requires high computational costs for modeling long-range dependencies. To reduce the
computational cost while maintaining the equivalent attention range, we propose to convert the cubic
window to three orthogonal 2D planes, as shown in Figure 3. Technically, we split the whole 3D space
into three orthogonal planes, XY-plane, XZ-plane, and YZ-plane. For each 2D plane, we generate
a series of non-overlapping 2D windows, in each of which self-attention is performed. Taking an
example of the XY-plane for illustration, we have the following equations:

sz,t = Linear(X;),K! , = Linear(Xt) vh = Linear(Xt), hell,.., H/3],

Ty, zyY,
Attn: ( ) SOft(( zy, t a:y t T/ \% C/H wy t H/?)] (2)

Attnmy(Xt):[Attnmy(Xt) @ Attn! (Xy) @ -~-®Attnfy/3(Xt)],

where the notations have identical meanings to those in Eq. 1, except that Linear maps the channel
number from C' to C'/3. In such a basic formulation, the attention is only related to the similarity
between query Q and key K but does not contain the position bias Which is important for self-
attention learning. We can add learned relative position bias to (Q" ayit) wy )T /+/C/H to encode
the position information as Swin Transformer does [']. But, to better capture the position information
with contextual information, we adopt an efficient context-based adaptive relative position encoding
scheme developed in Stratified Transformer [ -/]. Specifically, we can re-write the computation of
Attnzy(Xt) in Eq. 2 as follows:

where Eq, FEy,and E, are correspondmg learnable position encodlngs for sz, wy» and me. For the
other two planes, we exploit similar operations and share the same position encoding for three planes.
We denote the attention as Attn,,(X;) (Y Z-plane) and Attn,,(X;) (X Z-plane), respectively. Such
a shared strategy makes the learning of position encoding more effective, which is demonstrated in the
experiments. Then, we merge the three attention results to obtain the final output of the disassembled
transformer (DaFormer):

DaFormer(X;) = Linear([Attng, (X;) ® Attn,.(X:) @ Attng.(Xy)]). “4)

Local structure enhancement with sparse convolution. As shown in Figure 3 (a), in comparison
with the 3D window, although our plane-based window is easy to capture long-range dependency, it
ignores the contexts not located in the planes. To address this issue and model the local geometry
prior, we propose to apply a sparse convolution operation to encode the input before the query,
key, and value learning. As depicted in Figure 3 (b), the local structure enhancement module has



two branches: a1 x 1 x 1 convolution and a depth-wise sparse convolution to aggregate the local
information. Mathematically, the local structure enhancement (LSE) module can be written as:

LSE(X) = [BN(Linear(X:)) ® BN (Linear(GELU (BN (DConv(X:)))))], Q)

where BN, GELU, and DConv indicate the Batch Normalization, GELU activation function, and
depth-wise sparse convolution (3 x 3 x 3 kernel), respectively. After the self-attention, we also apply
another local enhancement operation to propagate the long-range contextual information learned by
self-attention to local neighbors to further improve the local structure. As a result, the full operation
consisting of two local enhancements and one self-attention can be written as with the notations
above:

X, = LSE(X,),

6
ConDaFormer(X;) = Linear(LSE([Attn,,(X;) ® Attn,,(X]) & Attn,.(X])])). ©)
ConDaFormer block structure. The overall architecture of our ConDaFormer block is depicted in
Figure 2 (b). Our ConDaFormer block comprises several essential components, including two local
enhancement modules (before and after self-attention), a disassembled window self-attention module,
a multi-layer perceptron (MLP), and residual connections [ "].

3.3 Network Architecture

Point embedding. As mentioned by Stratified Transformer [ '], the initial local feature aggregation
is important for point transformer networks. To address this, we employ a sparse convolution layer to
lift the input feature to a higher dimension C. Subsequently, we leverage a ResBlock [ "] to extract
the initial point embedding, facilitating the representation learning process.

Downsampling. The downsampling module is composed of a linear layer, which serves to increase
the channel dimension, and a max pooling layer with a kernel size of 2 and a stride of 2 to reduce the
spatial dimension.

Network settings. Our network architecture is designed with four stages by default and each stage is
characterized by a specific channel configuration and a corresponding number of blocks. Specifically,
the channel numbers for these stages are set to {C, 2C, 4C, 4C'} and the corresponding block numbers
{N1, Na, N3, N} are {2,2,6,2}. And C is set to 96 and the head numbers H are set to 1/16 of
the channel numbers in our experiments. For the task of semantic segmentation, following the
methodology of Stratified Transformer [ ], we employ a U-Net structure to gradually upsample
the features from the four stages back to the original resolution. Additionally, we employ an MLP
to perform point-wise prediction, enabling accurate semantic segmentation. In the case of object
detection, we adopt FCAF3D [ ] and CAGroup3D [/ !] as the baseline and replace the network
backbone with our proposed architecture, leveraging its enhanced capabilities for improved object
detection performance.

4 Experiments

To validate the effectiveness of our ConDaFormer , we conduct experiments on 3D semantic seg-
mentation and 3D object detection tasks. We also perform extensive ablation studies to analyze each
component in our ConDaFormer . Additional ablation results of window size and position encoding
and more experiment results on outdoor perception tasks and object-level tasks are available in the
appendix.

4.1 Semantic Segmentation

Datasets and metrics. For 3D semantic segmentation, we conduct comprehensive experiments on
three benchmark datasets: ScanNet v2 [ ©], S3DIS [ '], and the recently-introduced ScanNet200 [ ].

The ScanNet v2 [ | °] dataset comprises a collection of 1513 3D scans reconstructed from RGB-D
frames. The dataset is split into 1201 scans for training and 312 scans for validation. The input point
cloud is obtained by sampling vertices from the reconstructed mesh and annotated with 20 semantic
categories. In addition, we utilize the ScanNet200 [ '] dataset, which shares the same input point
cloud as ScanNet v2 but provides annotations for 200 fine-grained semantic categories.



Table 1. Semantic segmentation on ScanNet v2. Table 2. Semantic segmentation on S3DIS Area 5.

Method | Input | Val  Test Method | Input | OA  mAcc mloU
PointNet++ [ ] point | 53.5 55.7 PointNet [ 0] point - 49.0 41.1
3DMV [ 1] point - 48.4 SegCloud [] point - 57.4 48.9
PanopticFusion [ '] point - 52.9 TanConv [ /] point - 62.2 52.6
PointCNN [ 7] point - 45.8 PointCNN [ 7] point | 85.9 63.9 57.3
PointConv [ /] point | 61.0 66.6 PointWeb [ 1] point | 87.0 66.6 60.3
JointPointBased [ ] | point | 69.2 63.4 HPEIN [ ] point | 87.2  68.3 61.9
PointASNL [V0] point | 63.5 66.6 GACNet [/ ] point | 87.8 - 62.9
SegGCN [ ] point - 58.9 PAT [V 1] point - 70.8 60.1
RandLA-Net [ "] point - 64.5 ParamConv [ /] | point - 67.0 58.3
KPConv [(7] point | 69.2 68.6 SPGraph [ 7] point | 86.4  66.5 58.0
JSENet [ V] point - 69.9 SegGCN [ ] point | 88.2 70.4 63.6
SparseConvNet [ /] voxel | 69.3 72.5 MinkUNet [ 7] voxel - 71.7 65.4
MinkUNet [ | '] voxel | 72.2 73.6 PAConv [©0] point - - 66.6
PTvl [V/] point | 70.6 - KPConv [V] point - 72.8 67.1
PointNeXt [ "] point | 71.5 71.2 PTvl[V/] point | 90.8 76.5 70.4
FPT [ ] voxel | 72.1 - PointNeXt [ ] point | 90.6 - 70.5
LargeKernel [*] voxel | 73.2 739 FPT [] voxel - 77.3 70.1
Stratified [ ] point | 74.3  73.7 Stratified [ ] point | 91.5 78.1 72.0
PTv2* [21)] point | 75.5 752 PTv2* [©1] point | 91.6  78.0 72.6
ConDaFormer point | 75.1 74.7 ConDaFormer point | 91.6  78.4 72.6
ConDaFormer™* point | 76.0 75.5 ConDaFormer* | point | 92.4  78.9 73.5

The S3DIS [ ] dataset consists of 271 room scans from six areas. Following the conventions of
previous methods, we reserve Area 5 for validation while utilizing the remaining areas for training.
The input point cloud of the S3DIS dataset is sampled from the surface of the reconstructed mesh and
annotated with 13 semantic categories.

For evaluating the performance of our ConDaFormer on the ScanNet v2 and ScanNet200 dataset, we
employ the widely adopted mean intersection over union (mloU) metric. In the case of the S3DIS
dataset, we utilize three evaluation metrics: mloU, mean of class-wise accuracy (mAcc), and overall
point-wise accuracy (OA).

Experimental Setup. For ScanNet v2 and ScanNet200, we train for 900 epochs with voxel size and
batch size set to 0.02m and 12 respectively. We utilize an AdamW optimizer [ /] with an initial
learning rate of 0.006 and a weight decay of 0.02. The learning rate decreases by a factor of 10 after
540 and 720 epochs respectively. The initial window size S is set to 0.16m and increases by a factor
of 2 after each downsampling. Following Point Transformer v2 [)] and Stratified Transformer [ -],
we use some data augmentation strategies, such as rotation, scale, jitter, and dropping color.

For S3DIS, we train for 3000 epochs with voxel size and batch size set to 0.04m and 8 respectively.
We utilize an AdamW optimizer with an initial learning rate of 0.006 and a weight decay of 0.05.
The learning rate decreases by a factor of 10 after 1800 and 2400 epochs respectively. The initial
window size S is set to 0.32m and increases by a factor of 2 after each downsampling. The data
augmentations are identical to those used in Stratified Transformer [ ].

Quantitative results. In our experiments, we compare the performance of our ConDaFormer against
state-of-the-art methods in 3D semantic segmentation. The results on ScanNet v2 and S3DIS datasets
are shown in Table | and Table 2 respectively. Since Point Transformer v2 [*/] employs the test-
time-augmentation (TTA) strategy to improve the performance, we also adopt such strategy for fair
comparison and the results with TTA strategy are marked with *. Clearly, on the validation set
of ScanNet v2, our ConDaFormer achieves the best performance and surpasses Point Transformer
v2 [20] by 0.5% mloU (TTA also exploited). Similarly, on S3DIS, our ConDaFormer outperforms
prior methods and achieves a new state-of-the-art performance of 73.5% mloU. Additionally, on the
challenging ScanNet200 dataset, as shown in Table 3, our ConDaFormer still performs better than
Point Transformer v2 [*(/] and substantially outperforms the rest of competitors that are pre-trained
with additional data or a large vision-language model. The state-of-the-art performance on these
datasets demonstrates the effectiveness of our ConDaFormer .
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Figure 4. Visualization of semantic segmentation results on ScanNet v2.
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Figure 5. Visualization of semantic segmentation results on S3DIS.

Qualitative results. Figure 4 and Figure 5 show the visualization comparison results of semantic seg-
mentation on ScanNet v2 and S3DIS datasets, respectively. Compared to Stratified Transformer [ ]
and the baseline with cubic window attention, our ConDaFormer is able to produce more accurate
segmentation results for some categories, such as Wall, Window, and Sofa.

4.2 Object Detection

Data and metric. We evaluate our ConDaFormer on the SUN RGB-D [ ] dataset annotated with
oriented 3D bounding boxes of 37 categories. The dataset consists of about 10k indoor RGB-D scans,
which are split into 5285 scans for training and 5050 scans for validation. Following prior works, we
use the average precision (mAP) under IoU thresholds of 0.25 (mAP@0.25) and 0.5 (mAP@0.50)
for evaluating the performance.

Experimental Setup. We implement the object detection network based on FCAF3D [( ] and
CAGroup3D [/ !], respectively. We replace the backbone with our ConDaFormer while keeping
the detection head unchanged. The detection network built upon our ConDaFormer is trained with
AdamW optimizer for 24 epochs with batch size and weight decay set to 32 and 0.01 respectively. The
initial learning rate is set to 0.001 and decreases by a factor of 10 after 12 and 20 epochs, respectively.
The data augmentation techniques are the same as those in FCAF3D and CAGroup3D.

Quantitative results. Following FCAF3D [© ], we run ConDaFormer 5 times and record the
best and average (in bracket) performance to reduce the impact caused by random sampling. As
shown in Table 5, in comparison with FCAF3D and CAGroup3D, our method achieves comparable
performance and the gap between the best and average performance of our method is smaller. In
addition, ours has fewer parameters than FCAF3D (23 million v.s. 70 million).

4.3 Ablation Study

We perform ablation experiments of semantic segmentation on the S3DIS dataset to demonstrate the
effectiveness of each component of our proposed method.



Table 3. Semantic segmentation on ScanNet200. Table 5. Detection results on SUN RGB-D.

Method \ Input \ mloU (%) Method \ mAP@0.25 mAP@0.5
CSC[ 1] voxel 26.4 VoteNet [ ] 57.7 -
LGround [] voxel 28.9 MLCVNet [] 59.8 -
PTv2* [1] point 31.9 3DETR [ ] 59.1 32.7
; H3DNet [V7] 60.1 39.0
ConDaFormer® | point |  32.3 BRNet [ ] 611 137
. ) . HGNet [1] 61.6 -
Table 4. Ablation of window attention type. VENet [ ] 62.5 39.2
Type mloU (%) Time (hours) GroupFree [10] 63.0 (62.6) 452 (44.4)
Cubic 71.2 40.8 FCAF3D [ ] 64.2 (63.8) 489 (48.2)
DaFormer w.o Split 711 399 ConDaFormer 64.9 (64.7) 48.8 (48.5)
DaFormer w.o Share 69.9 24.1 CAGroup3D [/1] | 66.8 (66.4) 50.2(49.5)
DaFormer 70.7 24.1 ConDaFormer 67.1 (66.8) 49.9 (49.5)
Table 6. Ablation of LSE. Table 7. Ablation of window size.
Before After mloU Window Size 0.16m 0.32m
707 Method Cubic DaFormer Ours ‘ Cubic DaFormer Ours
72.0 Params (M) 7.4 7.0 8.2 8.0 7.2 8.4
v 715 Time (hours) 26.5 21.2 26.7 40.8 24.1 29.8
v 72.6 mloU (%) 69.9 69.7 71.7 71.2 70.7 72.6

Window disassembly. We begin by investigating the impact of disassembling the 3D cubic window
into three orthogonal 2D planes. We first compare our disassembled attention with the vanilla 3D
window attention, which we refer to as “Cubic”. We also further analyze our DaFormer by examining
some involved settings. Specifically, 1) “DaFormer w.o Split”: the number of channels equals that of
the input for all three planes and the position embedding is also shared across the three planes, and the
Concatenation in Eq. 4 is replaced by Add. 2) “DaFormer w.o Share”: the number of channels equals
1/3 of that of the input for all three planes and the position embedding is not shared. Table 4 shows
the results with the window size set to 0.32m. The computational cost is evaluated with the GPU
hours for training the network with a single NVIDIA Tesla V100 GPU. Compared to “Cubic” and
“DaFormer w.o Split”, although ours (“DaFormer”) has a slightly lower score, the computational effort
is significantly reduced. Notably, the comparison between “DaFormer w.o Share” and ours suggests
that sharing the position embedding across different planes yields substantial performance gains. The
potential reason may be the fact that when not shared across planes, the position embedding is not
sufficiently trained due to the small number of neighborhood points within each plane.

Local structure enhancement. Next, we explore the influence of the proposed local structure
enhancement module, which aims to capture local geometric information and address the challenge of
context ignorance introduced by window disassembly. The results presented in Table 6 indicate that
incorporating local sparse convolution before or after self-attention leads to improved performance.
And the best result is achieved when both of them are adopted. These comparisons highlight
the significance of leveraging local prior information in the context of 3D semantic segmentation,
emphasizing the importance of capturing detailed local geometric cues alongside global context.

Window size. Finally, we evaluate the effect of window size. Specifically, we evaluate the segmen-
tation performance and computational costs of the vanilla cubic window attention, disassembled
window attention, and our ConDaFormer (i.e., disassembled window attention with local structure
enhancement) by setting the initial window size to 0.16m and 0.32m. We have also experimented
with a window size of 0.08m on the cubic window and got 67.7% mloU, significantly worse than the
result of 69.9% mloU obtained with a window size of 0.16m. As shown in Table 7, compared to the
cubic window attention, our proposed disassembled window attention (“DaFormer”) significantly
reduces the training time, especially when the window size is set to 0.32m, a relatively large window.
Concomitantly, under both window sizes, the “DaFormer” brings a slight degradation in segmentation
performance. However, compared to the “Cubic” under the window size of 0.16m, the “DaFormer”
under the window size of 0.32m not only improves the mIoU by 0.8% but also has less computational
cost. Moreover, compared to the “DaFormer”, our ConDaFormer significantly improves the seg-
mentation performance with a small increase in the number of parameters and training time, which
verifies the effectiveness and efficiency of our model.



5 Conclusion

This paper is focused on the transformer for point cloud understanding. Aiming at reducing the
computational costs in the previous 3D non-overlapping window partition, we disassemble the 3D
window into three mutually perpendicular 2D planes. In this way, the number of points decreases
within a similar attention range. However, the contexts also accordingly reduce for each query
point. To alleviate this issue and also model the local geometry prior, we introduce the local
structure enhancement strategy which inserts the sparse convolution operation before and after the
self-attention. We evaluate our developed transformer block, i.e., ConDaFormer, for 3D point cloud
semantic segmentation and 3D object detection. The experimental results can demonstrate the
effectiveness.

Limitation: In our experiments, we find that a larger attention window might cause drops in
performance. For example, if we further enlarge the window size from 0.32m to 0.48m, the training
loss drops from around 0.048 to around 0.045 while the mIoU does not increase on the S3DIS dataset.
As pointed out by LargeKernel [ ], a large convolutional kernel might cause difficulties in optimizing
proliferated parameters and leads to over-fitting. We guess that in our transformer block larger
attention range requires more positional embeddings, which might cause similar issues. However,
this phenomenon has not been fully explored in the 3D point cloud community. We think it would
be worth studying in the future with efficient learning strategies, such as exploring self-supervised
learning on large-scale datasets.
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Appendix

In the appendix, we provide additional ablation results of window size and position encoding in
Sec. A, more experiment results on outdoor perception tasks and object-level tasks in Sec. B.

A Additional Ablation Results

Ablation of window size. As stated in the main paper, our proposed disassembled window attention
offers a notable advantage over the vanilla 3D cubic window attention by significantly reducing
computational effort, enabling the potential enlargement of the receptive field through an increase
in the window size. However, we also acknowledge a limitation of our ConDaFormer, which
is the degradation in performance when utilizing a larger attention window. In this section, we
present detailed ablation results to further investigate this issue. To assess the impact of window
size on the performance of ConDaFormer, we conduct experiments using varying window sizes:
{0.32m, 0.48m, 0.64m}, and present the corresponding results in Table 8. It is worth noting that
as the window size expands, the training loss (Loss;) gradually decreases, and the performance on
the training set (mlIoUy) steadily improves. However, contrary to expectations, the performance on
the validation set experiences a decline, indicating the occurrence of over-fitting. This phenomenon
aligns with the observation made in LargeKernel [*] when increasing the convolutional kernel
size. The introduction of a larger attention window incorporates additional positional embeddings,
potentially resulting in optimization difficulties and leading to over-fitting. To address this issue,
future research can explore techniques such as self-supervised or supervised pre-training on large-
scale datasets. These approaches have shown promise in mitigating over-fitting and improving
generalization performance. By leveraging such techniques, it is possible to enhance the robustness
of ConDaFormer and enable the utilization of larger attention windows without suffering from
performance degradation.

Ablation of position encoding. To enhance the modeling of crucial position information necessary
for self-attention learning, we employ the contextual relative position encoding (cCRPE) scheme
introduced by Stratified Transformer [ *']. In this context, we compare the performance of cRPE with
two alternative position encoding schemes: Swin [ /], wherein the learned relative position bias is
directly added to the similarity between query and key, and PTv2 [*(/], which generates the position
bias through an MLP that takes the relative position as input and subsequently adds it to the similarity
between query and key. As shown in Table 9, cRPE outperforms the other schemes in two out of
three metrics, indicating the significance of contextual features in effectively capturing fine-grained
position information.

Table 8. Ablation of window size. Table 9. Ablation of position encoding.
Window ‘ mloU mAcc OA Loss; mloU; Method ‘ mloU mAcc OA
0.32m 72.6 784 91.6 0.048 959 cRPE 70.7 76.9  90.6
0.48m 72.1 783 915 0.045  96.0 Swin 69.6 76.1  90.6
0.64m 71.6 784 914 0.044 96.1 PTv2 70.1 764  91.2

B Additional Quantitative Results

In this section, we present additional quantitative results on four benchmark datasets: Model-
Net40 [ '] for shape classification, ShapeNet-Part [/ /, *©] for part segmentation, SemanticKITTI [ ]
for 3D semantic segmentation, and nuScenes ['] for both 3D semantic segmentation and 3D object
detection.

Results on ModelNet40 and ShapeNet-Part. As shown in Table 10 and 11, we can find that for
small-scale point cloud data, our method still achieves comparable or even better performance in
comparison with Point Transformer v1, Point Transformer v2, and Stratified Transformer.

Results on SemanticKITTI and nuScenes. In summary, our ConDaFormer achieves comparable or
slightly better performance on outdoor perception tasks compared to current methods, demonstrating
ConDaFormer’s potential usage as a generalized 3D backbone. Specifically, for 3D semantic segmen-
tation, as shown in Table 12 and 13, ConDaFormer achieves 72.0% mloU and 79.9% mloU on the
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test set of the SemanticKITTI and the validation set of nuScenes datasets, respectively. Obviously,
ConDaFormer outperforms most prior methods designed specifically for outdoor LiDAR data, such
as Cylinder3D [""] and RPVNet [ "], and performs only slightly worse than 2DPASS [ "], which
utilizes additional image information. For 3D object detection, we choose TransFusion-L [ ] as the
baseline model and replace the backbone with our ConDaFormer. ConDaFormer achieves 68.5%
NDS and 63.0% mAP on the validation set of the nuScenes dataset. The comparable performance on
different datasets and tasks demonstrates the effectiveness of our ConDaFormer.

Table 10. Shape classification on ModelNet40. Table 11. Part segmentation on ShapeNet-Part.
Method | mAcc (%) OA (%) Methods | cls. mIoU | ins. mIoU
PointNet [ 1] 86.0 89.2 PointNet [ ] 80.4 83.7
PointNet++ [ ] - 91.9 PointNet++ [ ] 81.9 85.1
PointCNN [ 7] 88.1 92.5 PointCNN [ 7] 84.6 86.1
PointConv [ /"] - 92.5 DGCNN [ /7] 82.3 85.1
KPConv [V] - 92.9 RSCNN [ ] 84.0 86.2
DGCNN [ /7] 90.2 92.9 KPConv [17] 85.1 86.4
RS-CNN [17] - 92.9 PointConv [ /7] 82.8 85.7
PointASNL ["(] - 92.9 PointASNL [V(] - 86.1
DensePoint [/ 1] - 932 PCT [ ] - 86.4
PosPool [ ] - 93.2 PAConv [“0] 84.6 86.1
PCT [ ] - 93.2 AdaptConv [V7] 834 86.4
PA-DGC [] - 93.9 PTvl [V7] 83.7 86.6
CurveNet [ ] - 94.2 CurveNet [ ] - 86.8
PTvl [V7] 90.6 93.7 PointMLP [ ] 84.6 86.1
PTv2 [1] 91.6 94.2 PointNeXt ["] 85.2 87.0
ConDaFormer |  90.8 94.0 ConDaFormer | 846 | 868

Table 12. Semantic segmentation results on SemanticKITTI test set.
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RandLA-Net[ "] | 559 | 90.5 74. 61.8 245 897 942 439 298 322 39.1 838 63.6 686 484 474 94 604 510 507
KPConv ["] 58.8 | 903 727 613 315 905 950 334 302 425 443 848 692 69.1 615 616 11.8 642 564 474
PolarNet [ ] 543 | 908 744 617 217 90.0 938 229 403 30.1 285 840 655 678 432 402 56 613 518 575
JS3C-Net [1] 66.0 | 889 721 619 319 925 958 543 593 529 460 845 698 679 695 654 399 708 607 68.7
SPVNAS [1] 670 | 902 754 676 218 916 972 566 506 504 580 861 734 710 674 671 503 669 643 673
Cylinder3D ["] 689 | 922 77.0 650 323 90.7 971 508 676 638 585 856 725 698 737 692 480 665 624 662
RPVNet [] 703 | 934 80.7 703 333 935 976 442 684 687 611 865 751 717 759 744 434 721 648 614
(AF*-S3Net[11] | 708 | 920 762 66.8 458 925 943 402 630 814 400 786 680 631 764 817 777 696 640 733
PVKD[ ] 712 | 918 709 775 41.0 924 970 679 693 535 602 865 738 719 751 735 505 694 649 658
2DPASS V] 729 | 897 747 674 400 935 970 6.1 636 634 615 8.2 739 710 779 813 741 729 650 704
Ours 720 | 883 728 705 357 927 973 626 665 693 648 849 739 697 736 731 651 707 652 713

Table 13. Semantic segmentation results on nuScenes val set. ¥ denotes using rotation and translation testing-
time augmentations.
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RangeNets3++ [ 1] | 655 | 660 213 772 809 302 668 696 521 542 723 941 666 635 701 831 798
PolarNet [ ] 710 | 747 282 853 909 351 775 713 588 574 761 965 711 747 740 873 857
Salsanext [ ] 722 | 748 341 859 884 422 724 722 631 613 765 960 708 712 715 867 844
AMVNet [ 1] 761 | 798 324 822 864 625 819 753 723 835 651 974 670 788 746 908 879
Cylinder3D [ ] 761 | 764 403 912 938 513 780 789 649 621 844 968 716 764 754 905 874
PVKD [ ] 760 | 762 400 902 940 509 774 788 647 620 841 966 714 764 763 903 869
RPVNet [ '] 776 | 782 434 927 932 490 857 80.5 660 669 840 969 735 759 760 90.6 88.9
2DPASS [0 F 794 | 788 496 956 93.6 600 841 822 675 726 88.1 968 728 762 765 894 872
SphereFormer [ °]F | 79.5 | 787 467 952 937 540 889 81 680 742 862 972 743 763 758 914 897
Our 782 | 781 446 949 922 543 849 807 660 701 858 969 734 757 748 907 89.0
Our ! 799 | 792 478 953 941 572 866 829 690 736 874 971 748 766 760 912 89.6

Table 14. Object detection results on nuScenes val set.

Method NDS | mAP
Sparse Conv [/ /] | 68.48 | 63.07
Ours 68.54 | 62.95
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