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ABSTRACT

Existing 3D semantic segmentation methods rely on point-wise or voxel-wise fea-
ture descriptors to output segmentation predictions. However, these descriptors
are often supervised at point or voxel level, leading to segmentation models that
can behave poorly at instance-level. In this paper, we proposed a novel instance-
aware approach for 3D semantic segmentation. Our method combines several ge-
ometry processing tasks supervised at instance-level to promote the consistency of
the learned feature representation. Specifically, our methods use shape generators
and shape classifiers to perform shape reconstruction and classification tasks for
each shape instance. This enforces the feature representation to faithfully encode
both structural and local shape information, with an awareness of shape instances.
In the experiments, our method significantly outperform existing approaches in
3D semantic segmentation on several public benchmarks, such as Waymo Open
Dataset, SemanticKITTI and ScanNetV2.

1 INTRODUCTION

3D semantic segmentation is fundamental to the perception systems in robotics, autonomous driving,
and other fields that require active interaction with the 3D physical surrounding environment. In the
deep learning era, a common approach to 3D semantic segmentation is to compute point- or voxel-
level descriptors, which are then used to perform point-wise semantic segmentation. So far, most
existing approaches have focused on crafting novel neural architectures for descriptor learning and
class prediction Zhu et al.| (2021); Tang et al.| (2020); Choy et al.| (2019); |Zhang et al.| (2020b));
Milioto et al.[(2019); | Xu et al.|(2020); Cheng et al.| (2022). Few approaches Yan et al.| (2021} [2022));
Ye et al.|(2023)) have looked into what type of supervision beyond semantic labels is beneficial for
learning dense descriptors for 3D semantic descriptors.

In this paper, we study how instance label supervision can benefit semantic segmentation. Intu-
itively, in 3D semantic segmentation, the instance labels offer supervision about geometric features
of individual objects (e.g., object sizes and most popular shapes) and correlations among those ob-
jects. Such supervisions, which are not present from semantic labels, enable learning more powerful
descriptors for semantic segmentation. However, compared to obtaining semantic labels, acquiring
instance-level labels is more costly, particularly on objects with potentially many instances (e.g.,
vehicles and pedestrians).

The biggest message of this paper is that in 3D semantic segmentation, instance labels can be com-
puted in an almost unsupervised manner. Moreover, we introduce additional feature learning tasks
that are insensitive to erroneous instance labels. Specifically, we introduce a clustering approach
that takes an input point cloud, ground-truth semantic labels, and learned dense descriptors from
semantic labels and outputs clusters of input points as object instances. The clustering procedure
is driven by prior knowledge of the average object size of each object class, which is unique in 3D
semantic segmentation compared to 2D semantic segmentation.

Given the predicted instance labels, we introduce two additional tasks that take semantic descriptors
as input, i.e., classification and shape reconstruction, to boost descriptor learning. The classification
task forces the semantic descriptors to predict instance labels, promoting that semantic descriptors
capture instance-level shape features and contextual features. The reconstruction task asks the se-
mantic descriptors to reconstruct the 3D geometry of individual object instances, offering another
level of supervision on semantic descriptors to capture instance-level shape features. Note that both
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Figure 1: We propose an instance-aware semantic segmentation framework. Baseline methods (left)
apply segmentation at the individual point level, without considering the relations between points on
the same instance, which causes inconsistent predictions on one object. Our method (right) introduce
instance-level classification and reconstruction, making the network learn between instance shape
features and getting more consistent and accurate results.

tasks are insensitive to wrong clustering results, making our approach robust with only semantic
labels as supervision. In addition, our method is orthogonal to improving network architecture for
3D semantic segmentation and is effective under different feature extraction backbones.

We have evaluated our approach on two outdoor datasets, i.e., SemanticKitti and Waymo, and one
indoor dataset, i.e., ScanNetV2. Experimental results show that our approach can boost IoU from
the state-of-the-art by 0.7% and 0.9% on SemanticKitti and Waymo, and 0.8% on ScanNetV2. In
addition, our approach is competitive against using ground-truth instance labels. For example, on
Waymo, using the ground-truth instance labels offers an improvement in IoU by 1.5%. This shows
the effectiveness of our clustering approach for identifying individual object instances.

To summarize, our contributions are

* We study instance-level supervision for 3D semantic segmentation and introduce an effec-
tive unsupervised approach for identifying object instances.

 Using the predicted object instances, we introduce classification and shape reconstruction
as additional tasks to boost semantic descriptor learning.

¢ We show state-of-the-art results on both indoor and outdoor benchmarks and consistent
improvements on variant baselines.

2 RELATED WORKS

3D Semantic Segmentation. 3D semantic segmentation is fundamental to understanding indoor
and outdoor scenes. Current works follow the U-Net structure, where the input point cloud is down-
sampled and upsampled to obtain per-point features. The resulting point features are then used to
predict segmentation labels for each individual points. For indoor scenes Dai et al. (2017); |Ar-
meni et al.|(2017), the point samples are often uniformly sampled, which is suitable for point-based
methods Q1 et al.| (2016; [2017); Wu et al.| (2019); Thomas et al.|(2019); [Lai et al.| (2022); |Hu et al.
(2020Db)); Zhao et al.| (2021a); Zhang et al.| (2020a); [Lei et al.| (2020); Hu et al.| (2020a); Qiu et al.
(2021);|Yang et al.[(2023)) Outdoor scenes typically come from LiDAR, point-based methods suffer
from efficiency and computation costs due to data sparsity and large data size. People use different
data representations to make the U-Net framework more efficient and effective. SqueezeNet [Xu
et al.| (2020), RangeNet++ [Milioto et al.| (2019), SalsaNext |Cortinhal et al.| (2020), FIDNet [Zhao
et al.| (2021b), and CENet |Cheng et al. (2022) project the input point cloud to a front-view range
image and use the 2D convolution networks to do the segmentation. SparseConvNet |Graham &
van der Maaten|(2017), MinkwoskiNet|Choy et al.| (2019), (AF)?S3NetCheng et al.| (2021) and Li-
darMultiNet|Ye et al.| (2023)) take advantage of sparse convolution and use volumetric grid to do the
3D segmentation. SPVNAS [Tang et al.|(2020) combines points and voxel representation to get more
accurate results. More novel grid representations are developed to better utilize the LiDAR point
cloud properties, such as cylindrical grids [Zhu et al.[(2021); [Hou et al.[(2022)) and polar BEV coor-
dinates [Zhang et al.| (2020b). These baselines predict per-point semantic labels separately without
considering individual object instances. On the other hand, our method applies instance-level feature
grouping and learning, which helps the network learn better features for semantic segmentation.

3D Multi-task Learning. Many approaches combine multiple tasks [Liang et al.| (2019); Wang
et al.| (2021); [Ye et al.| (2023); [Zhou et al.| (2023); |[Feng et al| (2021)) or different sensor data |Yan
et al.| (2022); |Liang et al.[|(2019); Wang et al.|(2021); Yan et al.| (2021) to boost the performance of



Under review as a conference paper at ICLR 2024

Instance-aware Branch| ca;-
(training only)

e T || e———
o ! B =
wﬁa = % pedestrian: L

GT Segmentation Labels

Instance Classification Head

Pedestrian

fe

Instance Labels
Shape Reconstruction Head

Semantic-guided Instance Clustering Feature G .
eature Grouping

Voxelization

Input Point Cloud U-Net Backbone Per-voxel Features Predicted Labels

Figure 2: The pipeline of our method. Taking the 3D point cloud as input, the framework outputs
the per-point semantic labels. The segmentor is composed of 3D sparse U-Net backbone, and a per-
point semantic prediction head. Upon the backbone we add two instance-level branches: instance
classification head and shape completion head. Instance labels are obtained by semantic guided
clustering. Backbone features are grouped by instance labels and fed into a shape classifier and
shape autoencoder. The per-point segmentation, instance classification and shape reconstruction are
jointly trained to help the backbone learn better instance-aware features.

single-task learning. LidarMultiNet|Ye et al.[|(2023) combines object detection, BEV segmentation
and semantic segmentation. JS3CNet|Yan et al.| (2021)) added semantic scene completion upon the
segmentation task. 2DPASS |Yan et al.| (2022) fuses 2D images with 3D point clouds. All of those
papers require more supervision or sensor data, while our method only uses semantic labels and
acquires instance labels in an unsupervised way.

Feature Learning by Completion. Following Masked Autoencoder (MAE) He et al.| (2022a),
a lot of methods do the masking and completion-based feature learning and pre-training on 3D
shapes |[Pang et al.| (2022)); |Guo et al.| (2023)); |Yan et al. (2023); |[Liang et al.| (2022)); Zhang et al.
(20225 2023)) and 3D scenes Min et al.| (2022); [Hess et al.| (2023)); |(Chen et al.| (2023)). Our method
also does feature learning by completion. Unlike those papers, which do the scene or shape level
masking and model pre-training for the entire input, our method does the masking on the instance
level. In addition, we aim to refine the features of segmentation rather than the autoencoder.

3 APPROACH OVERVIEW

In this section, we highlight the design principles of our approach, named with InsSeg, and leave the
details to section |4 Figure |2 summarizes our approach. Broadly speaking, our approach adopts a
descriptor learning module (introduced in section[4.T)) and leverages instance-level supervision tasks
without requiring ground-truth instance labels from additional annotation procedures.

Besides the descriptor learning module, our approach uses a semantic-guided instance clustering
module and two instance-level supervision heads. The instance clustering module computes instance
labels from the input point cloud, ground-truth semantic labels, and the point-wise feature descrip-
tors generated from the descriptor learning module. The instance-level supervision heads perform
shape reconstruction and classification to enhance the feature representation at training time.

Semantic-guided Instance Clustering Module. Computing instance labels is a challenging task
that requires a tolerance of variation in the size and number of instances of each object class. Incor-
rect instance labels can lead to marginal performance gain from instance-level supervision heads.
To this end, we use mean-shift clustering |Comaniciu & Meer (2002), which is a modern clustering
algorithm that can be efficiently computed and is robust to the number and size of clusters. The
combination of point-wise feature descriptors and the input point cloud leads to robust clustering re-
sults. In our experiments, the clustering module has a negligible computation cost and can produce
reasonable instance labels for multi-task supervision (see Figure[I] right).

Instance-level Multi-task Supervision. Given the instance labels computed from the clustering
module, we design two supervision tasks that can regularize the feature representation at the in-
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stance level, i.e., shape reconstruction and shape classification. These two tasks force the feature
representation to encode both categorical and geometric information regarding each object instance,
leading to better learned features. Specifically, the shape classification head adopts a max-pool strat-
egy to make the task insensitive to incorrect instance labels. The shape reconstruction head takes
descriptors of each masked-out object instance as input and reconstructs the corresponding complete
object instance. In the same spirit as MAE He et al.| (2022b), the shape reconstruction forces the
point-wise descriptors to capture contextual information. The difference in our setting is that con-
textual information is prioritized at the object level, which is important for semantic segmentation.

4 APPROACH

This section presents the technical details of our approach. We begin with the descriptor learning
backbone in Section d.I} We then introduce the clustering module in Section 4.2} Section [4.3]and
Section introduce the classification and reconstruction heads, respectively. Finally, Section 4.3
elaborates on the technical details.

4.1 DESCRIPTOR LEARNING

As shown in Figure [2] the descriptor learning module combines a voxelization sub-module and a
3D U-Net sub-module for descriptor extraction. The voxelization sub-module transforms the point
cloud P € RY*3 into a fix-sized voxel grid and extracts initial voxel features 7, € RM*d by
aggregating points in same voxels, where M is the number of non-empty voxels. The 3D U-Net
sub-module then takes Fy as input and compute backbone features F € RM*9 by a multi-scale
encoder-decoder model. The backbone features are fed into the voxel semantic prediction head H*
and per-voxel semantic labels S € RM are predicted.

4.2 INSTANCE LABELS VIA CLUSTERING

The clustering module takes the predicted point-wise descriptors (obtained by interpolating the out-
put of the 3D U-Net), ground-truth semantic labels, and 3D point coordinates as input and outputs
clusters of points, each of which corresponds to one predicted object instance. Our major goal is to
leverage prior knowledge on the average shape size of each object class to identify object instances.

Specifically, we perform mean-shift clustering Comaniciu & Meer| (2002) on points of each scene
that belong to the same semantic class. The feature vector f = (p, \,, d) for each point p includes
its location p and its descriptor returned by the descriptor learning module. A, = 1/, where oy, is
the descriptor variance among all points whose distance to p are within r, where 7, is based on the
semantic class label of p, e.g., r, = 1m for cars and r, = 0.5m for pedestrians. Please refer to the
supplementary material for details and the visualization of instance clustering.

We denote the resulting clusters as {Og|k = 1, ..., K'}. Each O, corresponds to one object semantic
label c,. The raw point cloud and backbone features in instance Oy, are denoted by P(0O;,) € RMrx3
and F(Oy) € RMrxd respectively, where Mj, is the number of voxels falling on instance Oy, and
d is the feature dimension. We also denote the group of voxel centers that falls into instance O, as
V(Ok) € RMix3,

Based on the predicted object labels, we design two prediction heads that take the voxel-based
semantic descriptors as input. In the same spirit as multi-task learning, our goal is to use these
prediction heads to boost the quality of the voxel-based semantic descriptors, which then improve
semantic segmentation performance. Both tasks are defined so that they are insensitive to potentially
noisy object labels.

4.3 INSTANCE CLASSIFICATION HEAD

The first additional prediction head is the instance classification head H¢. The goal is to help the
network to learn instance-wise semantic features. It groups the backbone features falling in different
instances and predicts the semantic categories C for those instances.

For instance Oy, we have the grouped backbone features F(Oy). We first use a max-pooling to
aggregate the input features from the voxel-level to instance level, then apply a classification head
on this pooled feature. The max-pooling operator can accommodate objects with different number
of points and tolerate the errors in the instance clustering, e.g. the feature aggregation of two objects
is still valid for single-object classification. With this setup, the predicted class label for the object
Ok is

¢, = MLP(max-pool(F(Oy))), (1)
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Figure 3: Qualitative results on Waymo Open Dataset and SemanticKTTI validation set. From left

to right we show the semantic segmentation results of SPVCNNTang et al.|(2020), LidarMultiNe{Ye]
(2023), our method, and the ground truth semantic labels. We use red boxes to highlight the
inconsistent or erronous predictions from baselines. Our method is able to improve the consistency
and accuracy of the semantic prediction on objects.

The loss function adopted for this head is the instance classification loss between the predicted object
class labels ¢, and the ground truth labels c,. We use OHEM lossShrivastava et al.| (2016) in our
method:

K
1
Lf= - kz_olohem(ék, cr) 2)

4.4 SHAPE RECONSTRUCTION HEAD

The second prediction head is H, which takes backbone features from part of an instance (a subset
of a full instance) and aims to reconstruct the geometry of the full instance. This prediction head
takes motivations from MAE (20224), which performs feature learning by completing
masked out regions. Our approach presents two fundamental differences. First, the input are point
descriptors not raw 3D points. The point descriptors are jointly trained by semantic labels, providing
good initializations for feature learning. Second, in contrast to reconstructing the entire scene, the
reconstruction is performed at the instance level. This helps the features capture object-specific
features for semantic segmentation.

Specifically, to get the input for the shape reconstruction head of instance Oy, we randomly mask
part of the backbone feature F(Oy). This is done by randomly choosing a voxel ¢ from the voxel
centers V(Oy,) and mask all voxels within radius r (which depends on the semantic class and is the
same as the one used for clustering) from g. The input for the completion head is

F'(Or) = F(Or)[mask(q, r)] 3



Under review as a conference paper at ICLR 2024

2} =]

K} =] g =

2 5 Z % B w 2

2 3 3 z g “f g § by g 2 < £ g

j=} - 5 E iv = = = o

2 : £ 3 B Z2 2 = £ & 5 2 & s E 2 £

E|§ & & E % & 3 ¢ B ¥ % E 5 E 8 7 E

RangeNetriMilioto et al [0010] [ 52.2 | 914 257 344 257 230 383 388 918 650 752 278 §74 586 51 646 479 559
PolarNe{Zhang et al.{(2000b] | 54.3 | 93.8 403 30.1 229 285 432 402 908 617 744 217 900 613 678 518 515

w
-
9

SqueezeSegViXuetal.[(2020) | 559 | 92.5 387 365 29.6 33.0 456 46.2
KPConyThomas et al. (20197 58.8 1950 302 425 334 443 615 61.6

91.7 634 748 264 890 594
64.2

654 49.6 589
69.1 564 474

o
o
=]
w
o
w
-
I
=
=
n
o
=]
wn

90 00 90 %0 % %ol .
= B & O vegetation
oo oo o b

=} f=)

S

o9

— s = =, .
W= 3 W w0 = S 2 motoreyclist
oo Uk o= X

©

9

o

)

9

SalsaNex{Cortinhal et al. (2020} | 59.5 | 91.9 483 38.6 389 319 602 59.0 75.8 29.1 902 64.2 63.6 665 543 62.1
FIDNeiZhao et al. [(2021b} 595|939 547 489 276 239 623 59.8 90.6 59.1 758 26.7 889 60.5 644 69.0 533 628
BAAHQIu et al.[(2021] 599|954 318 355 487 467 495 557 90.9 622 744 236 898 608 827 634 679 537 520
CENeiCheng et al. (2022} 59.4 | 91.7 430 405 423 428 551 584 90.5 656 740 304 89.1 614 814 604 662 504 593
FusionNe{Zhang et al.[(2020a) | 61.3 | 953 47.5 377 41.8 345 595 568 119 918 688 77.1 30.8 925 694 845 698 685 604 66.5
Cylinder3D|Zhu et al. (2021} 61.8 | 96.1 542 476 386 450 651 635 136 912 622 752 187 896 616 854 69.7 693 626 064.7
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LidarMultiNe{Ye et al.|[(2023] 643 | 962 457 470 471 409 627 66.8 408 90.7 670 755 293 92.0 675 853 725 69.7 615 62.5
InsSeg ) 65.0 | 965 375 489 511 441 643 69.0 425 912 669 76.1 308 925 692 857 723 698 617 64.1

Table 1: Quantitative semantic segmentation results on SemanticKITTIBehley et al. (2019) test set.
We show the IoU for 23 semantic classes and mloU among them. Our method outperforms all
baselines in mloU and most categories.
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Table 2: Quantitative semantic segmentation results on Waymo Open DatasetSun et al.| (2020) test
set. Our method shows superior results to baselines.

where mask(q, 7);=True if ||V(Og); — q|| > r, else False, for i = 1,..., M. The dimension of
F'(Og) is Mj, x d, and M, < M. The reconstruction head HY then takes the masked backbone
features 7' (O},) as input, and output the raw voxel center locations V(Oy).

We use PointNet AutoencoderQi et al.| (2016) as the model architecture. We normalize the voxel
locations for each instance with zero mean and pad the voxel number to a same number N9. We use
chamfer distance (CD) as the objective function:

L9 = CD(HI(F'(O), V(Oy)) “4)

4.5 TRAINING DETAILS

We perform training in two stages. In the first stage, we drop the classification and reconstruction
heads and train the descriptor learning module and the semantic segmentation head using semantic
labels. We then use the resulting descriptors to predict object instances. After that, we activate
classification and reconstruction heads and train all the modules together. The total loss term is

L =L+ ML°+ A\ L9 (5)

where L®, L¢ and LY are per-point segmentation loss, instance classification loss, and shape recon-
struction loss, respectively. A; and Ay are weights of different loss terms. In our method we set
A1 = 0.1 and Ay = 0.01. We train our model on 8 Tesla V100 GPUs with batch size 2 for 30
epochs. The first 10 epochs are for descriptor learning and last 20 epochs are for joint training with
instance supervision heads. We use Adam optimizer and OneCycleLRSmith & Topin|(2018) sched-
uler with the starting learning rate 0.003 for outdoor datasets [Sun et al.| (2020); Behley et al.| (2019)
and 0.03 for ScanNetDai et al.|(2017).

5 EXPERIMENTS
5.1 OUTDOOR SCENE SEMANTIC SEGMENTATION

Datasets. We conduct our experiments on two large-scale LiDAR datasets: SemanticKITTI
DatasetBehley et al.| (2019) and Waymo Open Dataset [Sun et al.| (2020). SemanticKITTI contains
22 driving sequences, where sequences 00-07, 09-10 are used for training, 08 for validation, and
11-21 for testing. A total number of 19 semantic classes are chosen following the SemanticKITTI
benchmark. For Waymo Open Dataset, it contains 1150 sequences in total, where 798 sequences are
used for training, 202 for validation, and 150 for testing. Each sequence contains about 200 frames
of LiDAR point cloud. For the semantic segmentation task, there are 23,691 and 5,976 frames with
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semantic segmentation labels in the training and validation set, respectively. There are a total of
2,982 frames in the test set. 23 semantic classes are chosen following the WOD benchmark.

Instance Choices. We manually choose thing objects in both datasets. Apart from foreground
objects like vehicles and pedestrians, we also include background objects such as poles, traffic lights.
Specifically, for SemanticKITTI, we choose 12 instance classes including car, bicycle, motorcycle,
truck, other vehicle, person, bicylist, motorcyclist, trunk, pole and traffic sign. For Waymo Open
Dataset, we choose 13 classes: car, truck, bus, other vehicle, motorcyclist, bicyclist, pedestrian, sign,
traffic light, pole, cone, bicycle, and motorcycle.

Evaluation Metric. We adopt the intersection-over-union (IoU) of each class and the mean IoU
(mIoU) of all classes as the evaluation metric. The IoU for class i is IoU; = ﬁ, where
TP;, FP;, FN; are true positive, false positive, and false negatives for class ¢. The mean IoU (mloU)
is calculated by mloU = % Zi\; IoU,. Apart from this, we also adopt an instance-level metric

called instance classfication accuracy. The details can be found in Section[5.1.2}

Baseline Methods. We compare our method with state-of-the-art semantic segmentation methods Ye
et al.| (2023));[Zhu et al.|(2021); Tang et al.[(2020); Cheng et al.|(2022);|Cortinhal et al.|(2020); Zhang
et al.[ (2020a); Milioto et al.| (2019); Zhang et al.| (2020b); Xu et al.| (2020); Thomas et al.| (2019));
Zhao et al.| (2021b); (Qiu et al.| (2021); (Choy et al.| (2019). Methods with extra input information
(e.g. 2D image) or extra supervision (e.g. object detection and semantic scene completion) are not
included in the comparison. For papers without code releasing Ye et al.| (2023)), we implemented their
methods according to their papers and include the coding details in the supplementary materials.

5.1.1 RESULTS ON SEMANTICKITTI AND WAYMO OPEN DATASET

In this section we show the outdoor LiDAR semantic segmentation on SemanticKITTI
Datase{Behley et al| (2019) and Waymo Open DatasetSun et al| (2020). Table [T] and Table [2] show
the mIoU and per-class IoU on the test set of both datasets. Our method achieves the state-of-the-art
results compared with various baselines. Figure [3|shows the qualitative comparison of our method
with baselines. Zoom-in box highlights some inconsistent or wrong predictions of the baseline meth-
ods. Our method is able to get the consistent and accurate segmentation results, both on foreground
and background objects.

5.1.2 INSTANCE CLASSIFICATION ACCURACY METRIC

Our method combines the point-based and instance-based information in the semantic segmentation.
The mIoU is not enough to show the advantage of our method because it only computes per-point
accuracies. Here we proposed a instance-level metric: classification accuracy for segmentation
Accgeg. It computes the ratio of the correctly classified objects in all objects with the same semantic

. . . . N&
label. For the semantic label c, the classification accuracy is defined as Accl,, = —j=, where

Neorrect and N, are the correctly classified and total number of instances with semantic label c.

For an object Oy, with my, points and semantic label ¢, we say it’s correctly classifier if the ratio of
. . . Nre =c
correctly predicted points is above some threshold ¢: % >t

In the Table [3| we show the results on the 7 foreground categories which has the ground-truth in-
stance labels. We show results with two different thresholds 0.5 and 0.8. We have significantly
improvement on the classes where the inconsistent classification often happens, e.g. 12% on the bus
and 25% on the other vehicle.

Mean Acc car truck bus other vehicle motorcyclist bicyclist pedestrian
Threshold 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8
LidarMultiNe|Ye et al.|(2023] | 0.637 0.594 | 0.929 0913 | 0.575 0.525 | 0.641 0.576 | 0.294 0.195 | 0.337 0.315 | 0.823 0.798 | 0.85.9 0.833
InsSeg 0.654 0.614 | 0.931 00912 | 0.584 0.544 | 0.700 0.645 | 0.334 0.244 | 0.315 0.293 | 0.843 0.815 | 0.868 0.842

Table 3: Instance classification accuracy under different thresholds on the Waymo validation set.

5.2 INDOOR SCENE SEMANTIC SEGMENTATION

Dataset. ScanNetDai et al.[(2017) is an RGB-D video dataset collected from indoor environments.
The training/validation/test set includes 1201, 312, 100 scans respectively. The dataset provides
labels for 40 common indoor semantic classes, while only 20 of them are used for performance
evaluation. We use 21 classes in training with class O to be not evaluated classes.

Instance Choices. We choose all instances categories except wall and floor.
Metric. We use the same metric IoU as the outdoor dataset.
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MinkwosikiNet/Choy et al J2019] | 67.35 | 84.60 7630 7374 59.84 8875 6093 68.12 5657 5580 9453 47.13 1816 5635 6262 7033 7590 6844 9188 8181 5503

MinkwosikiNet + InsSeg 68.18 | 86.12 7802 7217 6122 8886 6223 7004 5981 5558 9452 47.77 2054 5186 68.86 6923 7944 70.59 90.81 8177 5414

Stratified|Lai et al. §2022 74.05 | 89.47 81.44 8120 66.00 89.83 66.56 7357 71.53 7034 9586 5583 32.04 6435 6722 6556 8378 76.53 9445 86.67 68.85

Straified ¥ nsSeg 7447 | 9LT1 8167 8179 6493 90.07 6678 7145 7325 7136 9547 5437 3423 6489 7168 6553 8552 7342 9514 8688 69.06

Swin3D|Yang et al. §2023] 7526 | 88.12 83.53 8423 6565 90.38 6630 7945 6791 69.03 9627 5990 4225 70.89 71.02 6119 8072 77.23 9357 87.57 70.02
89.23

33 8321 SAI1 6634 9053 6704 8039 7085 6855 9633 6056 4339 7116 7382 5978 S192 7801 9532 74T 7LI5

Swin3D + nsSeg 75.87

Table 4: Quantitative semantic segmentation results on ScanNet|Dai et al.|(2017)) validation set. We
show the segmentation results of baselines with and without our method. The results shows oue
method is able to improve upon variant baselines.

Swin3D  Swin3D + InsSeg Swin3D  Swin3D + InsSeg GT
Figure 4: Qualitative results on ScanNet validation set |Dai et al.[|(2017). We show two groups of
results of Swin3D |Yang et al.[(2023) with and without our instance heads. Our method improves the
prediction accuracy and object-level consistency.

Baseline Methods. We compare our method with the classic and state-of-the-art indoor scene seg-
mentation methods |Lai et al.[(2022)); [Choy et al.[(2019); |Q1 et al.| (2017);|Yang et al.| (2023)). Here
we directly add the instance multi-task learning on top of the baseline methods and do the results
comparison.

5.2.1 RESULTS ON SCANNET DATASET

Different from the sparse outdoor datasets, indoor scenes are often more dense and have smaller
ranges. We follow the majority baselines and use the point-based method. Since most baselines
follow the similar high-level structures, backbone and per-point segmentation head, it’s easy for
us to apply our method on top of their backbones. Here we conduct our experiment by adding
the instance clustering and multi-task heads on various baselines. Table ] and Figure [4] show the
quantitative and qualitative comparison of our method with the baseline methods. Table ﬂhows that
our method improves the segmentation results over various baselines. Figure ] shows the instance
heads improves the prediction consistency significantly.

5.3 ABLATION STUDY

In this section, we show the ablation study of our method. Section [5.3.1] shows the effect of our
method training on different object categories. Section[5.3.2]shows our method working on different
representations of point cloud. Section[5.3.3]shows the results with clustered and GT instance labels.
Section[5.3.4] analyzes the effect of different components of our method.

5.3.1 CHOICES OF INSTANCE CATEGORIES

As we introduced in Section[5.1] we manually choose 13 object categories on Waymo Open Dataset
and 12 classes on SemanticKITTI Dataset. Those categories include vehicles, motorcyclists, street
signs, etc. Here we try only train the model on one or several categories and see the improvements
on those categories. Table [Sa|shows the results training with vehicles and motorcyclists instances on
Waymo Open Dataset. We get significant improvement on training categories. Note that by training
on car, truck, bus, and other vehicle, our method has significant improvement on the last 3 classes,
which shows our method is able to improve more on minor classes. This is also consistent with the
visual results in Figure 3]

5.3.2 BACKBONES WITH DIFFERENT REPRESENTATIONS

In this section, we show that our method not only generalize among different datasets, it also has
improvements on various types of 3D representations. To apply our method on different baselines,
we keep the backbone and segmentation head and add the instance classification head and com-
pletion head upon the per-point or per-voxel backbone features. Table [6a] shows the results of our
method with point, voxel, point + voxel, and cylinder based representations. Our method is able to
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TIoU | Motorcyclisi  Bicyelist Moforcycle  Bicyele Baseline Classification Reconstruction | mIoU

Baseline 68.03 0.50 6439 67.87 70.36 v 68.03
Baseline + Motorcyclist | 68.22 2.08 69.69 68.64 67.51

mloU Car Truck Bus Other-veh \/ / 68.65

Baseline 68.03 95.26 64.92 84.60 35.53 v v 68.48

Baseline + vehicle | 68.53 95.06 65.03 84.86 39.78 v v v 68.93

(a) Results of instance heads training on the mo-
torcyclist (top) and four vehicle classes (bottom).
Our method improves significantly on classes that
are easy to be mis-classified by baselines.

(b) Ablation study on different components of our
method. Both the instance classification head and
the shape reconstruction head contribute to the fi-
nal results.

Table 5: Ablation study on object categories and different components. Both results are the mIoU
on the validation set of Waymo Open DatasetSun et al.| (2020).

Method PointNet++ Cylinder3D  SPVCNN  LidarMultiNet \ Clustered Instance Label GT Instance Label
Backbone Type Point Cylinder Point + Voxel Voxel
Wlo Tnstance Heads | 64.62 o571 636 822 mloU | 68.63 69.01
w. Instance Heads 64.90 66.25 67.17 68.79 .. .
(b) Results of InsSeg training on foreground in-
(a) Generalization of our method on different 3D repre- stance categories with clustered instance labels
sentations. Our method shows consistent improvement and ground truth instance labels. Note both exper-
on all of those baselines with different representations. iments only use 7 classes with GT instance labels.

Table 6: Ablation study on different 3D representations and instance label sources. All results are
on the validation set of Waymo Open Dataset|Sun et al.| (2020).

get improvements on all of them, which shows our method is a general framework that can be easily
inserted into those baselines, with almost no extra computation cost.

5.3.3 RESULTS WITH THE GT INSTANCE LABEL

We use the semantic-guided instance clustering to get the instance labels. To show the effectiveness
of this method, we show the comparison between our method with the clustered instance labels and
ground-truth instance labels in Table [6b] on the validation set of Waymo Open Dataset [Sun et al.
(2020). Note that in this dataset instance labels are only available for 7 foreground classes while
our method is able to get labels for 13 classes. To keep the fairness, we conduct both experiments
on 7 foreground categories. The results show that our method is robust to the unsupervised instance
labels and there’s a small margin between the clustered and ground-truth instance labels.

5.3.4 ANALYSIS ON DIFFERENT COMPONENTS OF OUR METHOD

We analyze the effectiveness of the instance classification head and the shape reconstruction head
by removing the corresponding head and evaluate the results. Table [Sb| shows the results on the
validation set of Waymo Open DatasetSun et al.|(2020) with removing different heads. Both instance
heads contribute to the final results, where the classification head helps the backbone features capture
more shape global features while the reconstruction head preserves more local geometries.

6 CONCLUSION, LIMITATIONS AND FUTURE WORK

We proposed InsSeg, an instance-level multi-task framework for 3D semantic segmentation. With
instance labels obtained from unsupervised semantic guided clustering, we add two novel branches
upon the U-Net style segmentation backbones: instance classification and shape reconstruction. The
network learns better shape features with these instance supervision heads and produces consistent
predictions on the same objects. Our method achieved state-of-the-art segmentation results on both
indoor and outdoor datasets. Moreover, it can generalize to most backbones and improve the results
with almost no extra computation burden.

Limitations. Our method has two limitations. First, it relies on the property that 3D objects are
easy to isolate, so instance clustering can work well. For 2D images, where objects don’t have clear
boundaries, an unsupervised instance label is hard to get, and our method would fail. Second, since
our features are more consistent on the shape level if the instance classification is wrong, the whole
object will be mis-segmented, which causes lower IoU than the inconsistent predictions. For failure
cases, please refer to the supplementary materials.

Future Work. In the future, how to combine point- or voxel-level supervision with more high-level
concepts will be a good research topic. Apart from the instance categories and geometry shapes
studied in this paper, we can also use object interactions, scene graph priors, and more geometric
primitives. How to deploy our method in 2D is also an open area, especially how to get unsupervised
instance labels.
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