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Abstract

Point clouds and RGB images are naturally complementary modalities for 3D visual
understanding - the former provides sparse but accurate locations of points on objects,
while the latter contains dense color and texture information. Despite this potential for
close sensor fusion, many methods train two models in isolation and use simple feature
concatenation to represent 3D sensor data. This separated training scheme results in
potentially sub-optimal performance and prevents 3D tasks from being used to benefit
2D tasks that are often useful on their own. To provide a more integrated approach, we
propose a novel Multi-Modality Task Cascade network (MTC-RCNN) that leverages 3D
box proposals to improve 2D segmentation predictions, which are then used to further
refine the 3D boxes. We show that including a 2D network between two stages of 3D
modules significantly improves both 2D and 3D task performance. Moreover, to prevent
the 3D module from over-relying on the overfitted 2D predictions, we propose a dual-
head 2D segmentation training and inference scheme, allowing the second 3D module to
learn to interpret imperfect 2D segmentation predictions. Evaluating our model on the
challenging SUN RGB-D dataset, we improve upon state-of-the-art results of both single
modality and fusion networks by a large margin (+3.8 mAP@0.5). Code will be released
at https://github.com/Divadi/MTC_RCNN.

1 Introduction

3D detection requires precise localization of objects in three-dimensional space, which is
made difficult by the inherent sparsity and noise present in point clouds when using LiDAR
as the sole input source. Many objects have only a few points captured on them due to either
distance, occlusion, or reflectivity, causing structurally similar objects to be indistinguish-
able in the point cloud. On the other hand, RGB images have a far higher resolution than
point clouds, containing a dense array of color and texture cues. Objects with only a few
points in 3D can occupy a magnitude more pixels in 2D, allowing richer semantic features to
be extracted for these objects than can be extracted from 3D. Conversely, features with 3D
structural information obtained from spatially reasoning on point clouds can in turn com-
plement RGB images as well, which lack explicit depth information. These observations
support our intuition that point clouds and RGB images are mutually beneficial modalities.

© 2021. The copyright of this document resides with its authors.
It may be distributed unchanged freely in print or electronic forms.


https://github.com/Divadi/MTC_RCNN

2 J. PARK ET AL.: MULTI-MODALITY TASK CASCADE

Recent work proposes different methods of fusing image and point cloud semantics for
3D detection. Some works use a pre-trained 2D detector to generate initial frustum-based
region proposals [28, 39]. Alternatively, instead of constraining the 3D search space, other
methods propose to use 2D features to enrich point features. Some methods fuse semantics
obtained at the end of a 2D network, either using 2D task predictions [25, 30, 37, 41] or
using 2D backbone features [34, 44]. Another line of work [11, 18] fuse features from every
layer of the 2D network. Despite demonstrating improvements over 3D-only methods, the
image and point cloud fusion methods for 3D detection in prior work exploit only half of the
mutually beneficial relationship between these two modalities. These methods only extract
2D semantics to benefit 3D tasks and do not consider using 3D semantics for better 2D
feature extraction. We argue that by additionally including 3D task predictions as input to a
2D image network, the resulting improved 2D semantics can better benefit the 3D task.

In this work, to leverage the cyclic, mutually complementary relationship between im-
ages and point clouds, we propose a new Multi-modality Task Cascade network for 3D ob-
ject detection (MTC-RCNN). The key idea of our approach is to include a 2D segmentation
network [2] between the first and second stages of a 3D detection network allowing it to both
benefit from and improve the 3D detection modules. This 2D network takes as input both
the 2D RGB-D image as well as the 3D-to-2D projected point-level semantic and geometric
features. Given a point, we obtain its features from the 3D proposal box it is in, using both
the 3D box’s class prediction and its box parameters. From our experiments, we observe that
fusing these 3D features into the 2D network improves both 2D segmentation performance
as well as the quality of the final 3D boxes. Further, the 2D network is supervised by ground
truth generated from 3D box annotations, requiring no additional labels.

After obtaining the 2D segmentation predictions, we refine the 3D proposal boxes via
a simple second stage 3D network inspired by [17]. For each 3D proposal box, the points
within it are projected onto the 2D segmentation predictions, and the corresponding channel-
wise probability distribution is concatenated with the point’s 3D box-based geometric fea-
tures. A PointNet [26] processes the resulting point features and refines the 3D proposal.

Different from some other multi-modality methods [30, 37, 41], we jointly optimize the
2D and 3D networks, allowing them to learn better shared feature representations. However,
we find that the 2D network tends to overfit faster than the 3D network, quickly converging
to perfect segmentations. This causes the 2D segmentation predictions to dominate the 3D
features in the 2" stage 3D network during training. To alleviate this issue, we propose
to instead fuse the segmentation predictions of a weaker, auxiliary head during training to
allow the 2™ stage 3D network to learn to interpret imperfect 2D segmentation predictions.
During testing, an ensemble of the auxiliary head and the DeepLabV3+ head [2] is used.

Finally, we find that our framework is particularly well-suited for PointPainting [37].
The addition of a 2D segmentation network before the first 3D network generates better pro-
posals that not only directly benefit the 3D detection task but also improves 2D segmentation
predictions which further improves 3D box refinement.

We evaluate our approach on the difficult SUN RGB-D dataset [35]. Our models offer
significant gains over our two-stage 3D-only baseline (+5.1 AP@0.25, +3.0 AP@0.50), val-
idating the importance of adding a 2D segmentation network between the 1%t and 2™ stage
3D modules. We also provide ablations, investigating the difficulties of multi-modality train-
ing and justifying our design choices. MTC-RCNN improves upon state-of-the-art results of
both single modality and fusion networks (+1.2 AP@0.25, +3.8 AP@0.5).

The contributions of this paper can be summarized as follows:

* Our novel image and point cloud fusion network fully leverages both directions of the
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mutually beneficial relationship between the two modalities.

* We investigate the difficulties of multi-modality training and propose a new direction
of limiting the performance of one modality during training.

¢ Our method not only achieves new SOTA performance in 3D object detection on the
SUN RGB-D dataset but also yields 2D segmentation predictions significantly better
than a 2D-only baseline.

2 Related Work

3D Object Detection on Point Clouds. To address the irregularity and sparsity of point
clouds, one direction of research proposes to organize the points into either 2D or 3D grids
to be further processed by CNNs. The early work MV3D [3] processes multiple 2D pro-
jections and fuses them at a proposal level. VoxelNet [46] instead works with 3D voxels,
using a 3D CNN to extract features. Followup methods [5, 9, 32, 42] exploit the sparsity of
point clouds, only performing convolution operations on non-empty voxels. Following the
works PointNet [26] and PointNet++ [27], another line of research directly processes point
clouds. PointRCNN [31] generates 3D proposal boxes from predicted foreground points,
while [29, 43] use a "voting" mechanism to shift candidate points closer to object centers.
To take advantage of both the efficiency of voxel-based methods and precision of point-based
methods, some recent works use both [16, 22, 24, 36]. These 3D detection methods achieve
great success without using RGB images. To further improve performance over geometry-
only methods, our work proposes a new method of fusing 2D images and point clouds.

Point Cloud and Image Fusion-based 3D Object Detection. Early methods seeking to
leverage RGB images for 3D detection were 2D-driven, using mature 2D detectors to con-
strain the 3D search space before regressing 3D boxes [15, 28, 39]. Observing that the per-
formance of this paradigm is upper bounded by the 2D detector, other methods instead use
image semantics to enhance 3D features. MV3D [3] and AVOD [14] extract image features
for 3D proposals, while [25] proposes to flexibly fuse 2D and 3D proposals. Methods can
further be divided by whether they fuse features from multiple intermediate layers [11, 18],
features from the end of a 2D model [3, 14, 34, 44], or 2D task-level predictions [30, 37, 41].
UberATG-MMF [19] uses all of the above. Our method is most closely related to works that
fuse 2D task-level predictions, but we differ from prior methods in critical areas. First, most
methods choose to freeze the 2D model [28, 30, 37, 41] when training the 3D detector, but
we train end-to-end. Second, our 2D network takes 3D proposals as input to improve the 2D
task predictions to further improve 3D box refinement.

Multi-Modality Fusion Training. Outside of detection, multi-modal fusion has been inves-
tigated in domains of visual question answering [1], action recognition [13], and acoustic
event detection [8]. A recent work [38] analyzes some of the difficulties of multi-modal
training, finding that naively incorporating multiple modalities can result in a drop in perfor-
mance compared to single-modality networks, due to the fact that different modalities can
hinder each other from properly training. We observe a similar but different challenge in
our work, as [38] deals with late-stage concatenation of features of different modalities for a
single task, while our method has a cascade of modalities for multiple tasks. In our work, we
propose to resolve this issue by inhibiting the performance of one modality on the train set so
later modules in the cascade can learn to work with imperfect intermediate task predictions.
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Figure 1: Overview of our proposed MTC-RCNN.
3 Method

3.1 Overview

MTC-RCNN is illustrated in Figure 1. At a high level, our multi-modality cascade can be
described as (2D—)3D—2D—3D, with the first 2D being the addition of PointPainting [37].
In Sec. 3.2, we briefly outline VoteNet [29], which we use for 3D proposal generation. In
Sec. 3.3, we describe the 3D-to-2D fusion, the 2D segmentation architecture, and the method
of generating 2D segmentation ground truth. Then, in Sec. 3.4, we present the method of
2D-to-3D fusion and the 3D box refinement network. Sec. 3.5 describes how we apply
PointPainting to our pipeline. Finally, Sec. 3.6 outlines our training losses.

3.2 3D Proposal Generation: Deep Hough Voting (VoteNet)

For this work, we choose VoteNet to generate 3D proposals because it is a representative,
3D-only baseline. Given a set of points, VoteNet uses a PointNet++ [27] backbone to extract
features for a reduced set of sampled "seed" points. The seed features are then used to
generate a set of "votes," with each vote consisting of a new 3D location closer to object
centers as well as a new feature vector to be used for the final detection task. Finally, votes
are clustered based on location, and each cluster predicts a 3D bounding box as well as its
classification score. These 3D proposals are passed on to the later stages of our pipeline.

3.3 3D-to-2D: Using 3D Proposals for 2D Semantic Segmentation

3D-to-2D Fusion. In order to use 3D task-level information to benefit the 2D segmentation
task, given a set of 3D proposals, our method extracts point-level semantic and geometric
features from them to include as input to the 2D semantic segmentation network. The se-
mantic features help the 2D network reason about which class each point/pixel belongs to,
while the geometric features helps encode information about objects’ 3D structure. Given
a 3D box proposal, we randomly sample a set of points contained within the box {p;}! |,
where each p; € R3 are 3D coordinates. For each point p;, we obtain its semantic features
s; € RC by giving it the object class probability distribution of the 3D proposal, where C is
the number of classes. Then, to obtain geometric features, we transform each point to the
box’s canonical coordinates centered at the proposal’s center and aligned to the proposal’s
heading direction. The geometric feature g; € R? consists of two parts - the point’s canonical
coordinates and the point’s offset distances to the box’s 6 surfaces. In all, for each proposal,
we have a set of points sampled within the box as well as their semantic and geometric

features: 3 S Cio
Pi, Ji) | Pi yJi = [Si 18 i=1
{(pi, f) | pi € R fi=15; 8/ ] € R} )

These points are then projected to the 2D image using the camera intrinsics, and their corre-
sponding features are assigned to the projected 2D location, generating a 3D-to-2D feature
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map F3P72D of shape H x W x (C+9) (H and W are height and width of RGB-D im-
age). We note that some points can be in multiple overlapping proposals, and we resolve
this conflict by assigning each point to the highest confidence proposal it is in. 2D locations
without corresponding 3D points are given a zero vector of features. Finally, F3P72P jg
concatenated channel-wise with the RGB-D image, resulting in a feature map F>P- P4 of
shape H X W x (C + 13) to be used as the input to our 2D segmentation network.

2D Semantic Segmentation Network. For our 2D network, we use DeepLabV3+ [2] with
a lightweight ResNet18 [10] backbone. We remove subsampling in the final two stages (C4
and C5) of the backbone and replace them with dilated convolutions. The DeepLabV3+
architecture includes a simple auxiliary head attached to the C4 stage, used for better super-
vision of intermediate layers. However, this head plays an important role in our work - we
use predictions of this auxiliary head during training for 2D-to-3D fusion instead of the main
head. We explain further in Sec. 3.4 after we introduce our 3D proposal refinement module.
2D Ground Truth Generation. Here, we briefly describe the generation of 2D segmentation
ground truth and provide more details in the supplementary. To generate 2D labels, we
expand the 2D depth map to a 3D point cloud and assign points (pixels) within a 3D box the
box’s class label. We ignore pixels within multiple boxes and pixels that lack a depth value.

3.4 2D-to-3D: Using 2D Segmentation for 3D Proposal Refinement

3D Proposal Refinement Network. From the first stage 3D network, we have a set of
3D proposal boxes. To refine these proposals, we extend a second-stage 3D refinement
introduced by LiDAR-RCNN [17]. Given a proposal box, we enlarge it to capture more
context. Then, we sample points within this enlarged box and extract each point’s geometric
features as described in Sec. 3.3 - this yields a 9-dimensional feature vector for each point.
In our 3D-only method, for each proposal, this set of geometric point features is run
through a simple PointNet which predicts residuals for the box parameters as well the box’s
class type. Different from LIDAR-RCNN, this module is trained jointly, with gradients prop-
agated through the per-point geometric features back to the first stage 3D network. Further,
we add an IoU estimation branch to the PointNet to better the quality of the 3D box.
2D-to-3D Fusion. For 2D-to-3D fusion, we seek to use the 2D segmentation predictions
from the 2D network as richer semantic features with which to guide the 3D box refinement.
Extending the second stage 3D framework described above, for each proposal, the sampled
points are projected onto the 2D segmentation predictions using the camera intrinsics. The
corresponding channel-wise class distribution at the 2D projected point is appended to the
9-dimensional geometric features, resulting in each point having 9+ C dimensional features.
These concatenated features are then passed through the PointNet as described previously.
During training, we fuse the 2D predictions of the auxiliary head because the 2D perfor-
mance gap between training and testing is much smaller for the auxiliary head than it is for
the main head. If we fuse the main head during training, the points around proposals are per-
fectly segmented, trivializing the refinement task. Fusing the auxiliary head during training
and using both heads during testing, the model learns to adapt to imperfect 2D predictions.

3.5 Early 2D-to-3D Fusion: PointPainting

So far, we have presented a 3D-to-2D-to-3D pipeline consisting of the initial 3D proposal
generation stage, the fusion 2D segmentation network, and the 3D refinement module. How-
ever, this cascade of modalities does not necessarily need to start with 3D detection. We can
add a 2D segmentation network before the first 3D proposal generation following PointPaint-
ing [37]. Specifically, before the point cloud is input into VoteNet, each point is projected
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Figure 2: Illustration of recursively applying our pipeline twice.

onto initial 2D segmentation predictions and assigned the probability distribution of the cor-
responding 2D projection. This painted point cloud, each point of dimension (3 +C), is
passed into the initial VoteNet. We then obtain 3D proposals and continue as before.

Compared to applying PointPainting to 3D-only approaches, PointPainting is especially
effective on our framework for three reasons. First, improving the initial proposal generation
stage directly raises the quality of 3D detections even after refinement - this is the usual ben-
efit PointPainting has on 3D-only methods. Second, in our pipeline, better initial proposals
mean better 2D segmentation predictions, which in turn further improves the second stage
3D refinement. Finally, we can recursively apply our entire pipeline as shown in Figure 2.
Starting with 2D segmentations from any 2D baseline, we fuse them into our first stage 3D
proposal generation stage following PointPainting. Then, using these proposals, our fusion
2D network outputs even better 2D predictions, which can be used to refine these 3D pro-
posals. In the next iteration, we then take our improved 2D predictions and fuse them into
the first stage 3D proposal generation stage (previously, we had used a weaker 2D-only base-
line). We continue this process and ensemble the refined 3D boxes from every iteration. We
find that recursively applying our pipeline results in better 3D box predictions.

3.6 Training Losses

3D Proposal Generation. For the first stage 3D network, we simply inherit the training
losses from VoteNet [29], which can be summarized as:

Lrpn = ‘Cvote-reg + lohj—cls[:()bj—cls + Ahwcﬁhwc + 2fs;em—clsLsem—cls (2)

The loss terms correspond to the voting loss, objectness classification loss, box estimation
loss, and multi-class semantic classification loss. We use the same loss weights A as VoteNet.
2D Semantic Segmentation. Our 2D segmentation model has two prediction heads - the
DeepLabV3+ head and the auxiliary head. Given the multi-modality input 2D feature map
F2P-nput et DL3 and Aux be the per-pixel segmentation predictions of the two heads and
let Y be the ground truth 2D segmentation map. Then, our 2D segmentation loss is:

EZd—seg =Lee (DL3, Y) + 2ftmxﬁce (AUX7 Y) 3)

where L., is the multi-class cross entropy loss and A, is set to be 0.4.
3D Box Refinement. The second stage 3D refinement loss consists of three parts - the box
refinement loss, the multi-class semantic classification loss, and the IoU prediction loss:

Ercnn = Ebax—refine + Esem—cls + Eiou (4)

The box refinement loss is as follows:
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Ehox—refine = Z Lsmooth-L1(Ar, Ar) 4)
re{x,y,z,l,hw,0}

where Ar is the residual between the 3D proposal box and the matched ground truth box
for box parameter r, and Ar is the prediction for this residual. Ly, s is multi-class cross
entropy loss between the predicted class of the proposal and the ground truth box. Finally,
Loy 18 the confidence loss used to better predict the quality of the bounding box. The network
targets the normalized 3D IoU y between each proposal and its matched ground truth:

y = min(1,max(0,2IoU — 0.3)) (6)

and is trained via binary cross entropy loss.
Overall Loss. The total loss term is then:

L= Lrpn + LZd-seg + Lyenn (7N

4 Experiments

4.1 Experimental Setup

Dataset. We evaluate on the SUN RGB-D benchmark [12, 33, 35, 40], which is a single-
view, indoor dataset for scene understandingl. The dataset consists of 10,335 RGB-D im-
ages, of which 5,285 images are used for training and 5,050 are used for testing. We train and
report results on the 10 most prevalent object classes following prior work [30, 45]. Point
clouds are generated from 2D depth maps using camera intrinsics.

Network Architecture. We use the DeepLabV3+ model with an ImageNet pre-trained
ResNet18 backbone for both 2D segmentation networks. Our 3D box refinement network
has three linear layers of size [128, 128, 1024] before max pooling, and two shared layers
[512,512] after pooling. Then, each of the 3D heads have a separate linear layer of size 512.
Training and Inference Details. Our core 3D—2D—3D framework is trained end-to-end
for 240 epochs with the ADAM optimizer with a batch size of 8. The initial learning rate is
Se-4 and is decayed 10x at 160 and 210 epochs. We follow the data augmentation strategy in
[30], sampling 20k points per view. More training details are provided in the supplementary.
Evaluation Protocol. For 3D detection, Average Precision (AP) over 10 classes is reported
at the standard 0.25, 0.50, and 0.75 3D IoU thresholds. However, we find that AP at specific
IoU thresholds fluctuate between evaluation runs. So, we adapt the robust challenge metric
used in COCO object detection [20] and average the AP at 3D IoU thresholds from 0.25 to
0.95 with step size 0.05 and denote this as mAP. We prefer this metric as it fairly balances
many loU thresholds and is more stable. For 2D segmentation, we report the mloU based on
our generated 2D ground truth, ignoring overlapped regions and pixels without depth value.

4.2 Comparison with State-of-the-art Methods

In this section, we compare with state-of-the-art methods. Previous works [4, 29] usually
train multiple times on different seeds and report the best results on the testing set. For fair
comparison, we follow [21] in training every setting 5 times and evaluating each setting
5 times. The average performance over the 25 evaluations is in parentheses, and the best
average evaluation result of the 5 training runs is presented on its left as the main comparison.

'We focus on the SUN RGB-D dataset like most image & point cloud fusion methods [11, 30] instead of the
similar ScanNet [7] dataset as ScanNet point clouds are constructed from many RGB-D images, requiring extra
processing to reconcile multiple point-to-image location correspondences.
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Methods | Input [[ AP@025 | AP@0.50 | AP@0.75 | mAP
F-PointNet [28] point+RGB 54.0 - - -
VoteNet [29] point 57.7 32.9 - -
VoteNet [29]* point 58.7 35.1 1.5 23.8
ImVoteNet [30]* point+RGB 64.1 38.7 2.1 25.8
H3DNet [45]" point 61.1 39.0 35 -
EPNet [11] point+RGB 59.8 - - -
BRNet [4] point 61.1 43.7 53 -
SparsePoint [23] point 61.5 44.2 - -
Group-Free [21] point 63.0 (62.6) | 45.2 (44.4) - -
Ours (3D—3D) point 60.2 (59.5) | 46.0(45.5) | 6.4(6.5) | 29.8 (29.4)
Ours (3D—2D—3D) point+RGB || 64.6 (64.1) | 49.0 (48.0) | 7.7(7.9) | 31.8(31.5)
Ours 2p—3D—2D—3D) | point+RGB || 65.0 (64.5) | 48.4(48.0) | 8.2(7.9) | 32.0(31.6)
Ours 2D—3D) x3 point+RGB || 65.3 (64.7) | 48.6 (48.2) | 8.4 (8.1) | 32.2(31.8)

Table 1: Performance comparison on SUN RGB-D with SOTA methods *We report 5-times

evaluation results on the checkpoint from MMdetection3D[6] which has higher results than

RGB 2D Seg. GT 3D Det. GT 1st2D Pred. 103D Pred.  3D-to2DSem.Feats 3D-to-2DGeo.Feats 2" 2D Pred. 2" 3D Pred.

Quantitative Results. = We show results in Table 1. Simply by adding the 3D refine-
ment module to VoteNet, we have a very strong 3D-only baseline, out-performing all previ-
ous methods on the AP@0.50 metric. Adding the fusion 2D segmentation model between
the two 3D modules further boosts performance beyond our 3D-only baseline, improving
AP@0.25 by 4.4 points, AP@0.50 by 3.0 points, and mAP by 2 points. This 3D—2D—3D
model out-performs previous methods on all metrics. Adding another 2D segmentation
model before the first 3D model improves the mAP by a small but significant margin, and
recursively applying our pipeline once more as in Sec. 3.5 further improves performance.
Qualitative Results. In Fig. 3, we show step-by-step task predictions of our 2D—3D—
2D—3D pipeline. We observe that predictions from the initial 2D-only model (1% 2D Pred.)
are incomplete and messy. For example, in the middle row, the 2D model almost completely
misses the left chair, mixing it into the desk. This leads to poor 3D boxes in the first stage
3D predictions (1% 3D Pred.) - that same chair has two boxes associated with it. However,
after getting more information from the 3D detections (via 3D-to-2D features), the 2" 2D
predictions correctly segment the chair. These better 2D segmentations in turn lead to better
3D localization - we see that the same chair now only has a single, high-quality detection (2"
3D Pred.). Through our visualizations, we confirm that MTC-RCNN effectively leverages
the mutually beneficial relationship between the 2D image and the 3D point cloud.

4.3 Ablation Studies and Discussion

In this section, we present ablation studies to justify our training protocol and design choices.
We use the stable mAP metric, averaged over the 25 evaluation runs as explained in Sec. 4.2.
2D-to-3D: Different Methods of Fusion. We ablate different methods of 2D-to-3D fusion in
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| (Train) 2D—3D | (Test) 2D—3D || (Train) 2D mloU [ (Test) 2D mloU [ (Test) 3D mAP |
- - - - 29.31
DL3 Features DL3 Features - - 27.21
DL3 Seg. Preds DL3 Seg. Preds 89.80 49.36 29.73
Aux Seg. Preds DL3 Seg. Preds 65.37 50.36 30.00
DL3 Seg. Preds | DL3 + Aux Seg. Preds 89.80 50.33 30.81
Aux Seg. Preds | DL3 + Aux Seg. Preds 65.37 50.84 31.09

Table 2: Ablation on different methods of 2D-to-3D fusion. On the left, (Train) 2D—3D
denotes the fusion method during training, and (Test) the method for inference. On the right,
(Train) denotes performance on train set, while (Test) denotes performance on test set.

[ Method [ Longer Training | 2nd Stage 3D || 3D mAP | ’ Fuse 3D-to-2D H 2D mloU ‘ 3D mAP ‘
VoteNet 23.81
VoteNet v 24.55 46.05 31.05
Ours (3D-3D) v v 29.31 v 51.03 31.46

Table 3: Effects of longer training and

) Table 5: Fusion of 3D proposals into 2D seg-
adding 2nd stage 3D module.

mentation network.

[ Method [ #Points per Rol ]| 2D mloU | 3D mAP | | Method [ 2D mioU | 3D mAP |

Ours (3D-+3D) 512 - 29.31
Ours (3D-3D) 1024 _ 29.46 Ours (3D—2D—3D) 51.03 31.46
Ours (3D-3D) 2048 - 29.43 Ours (2D—3D—2D—3D) 52.65 31.62
Ours (3D-+3D) 4096 - 29.33 Ours (2D—3D—2D—3D

Ours (3D-2D—3D) 512 50.84 31.09 L2D3D) 52.93 31.79

Ours (3D-2D—3D) 1024 51.35 31.35 o )

Ours (3p-+2D3D) 2048 51.03 31.46 urs (2b—+3D—2D—3D 52.91 31.80

Ours (3D-2D—3D) 4096 50.06 31.43 —2D—3D—2D—3D)

Table 4: Ablation on the number of points Table 6: Effects of incorporating PointPaint-
sampled in each proposal during inference.  ing into our framework.

Table 2. Simply fusing the 128-dim features from the DeepLabV3+ head (DL3) without 2D
supervision (row 2) decreases performance compared to the two-stage 3D-only baseline (row
1) - likely due to overfitting of the 2D network. Regularizing this 2D-to-3D fusion by adding
2D supervision and fusing segmentation predictions instead (row 3) is able to out-perform
the 3D-only baseline. However, there is a huge gap in mloU between the train and test sets,
causing the 3D refinement to perform poorly with imperfect test-time 2D segmentations. In
the fourth row, we find that instead training on the weaker auxiliary predictions can remedy
this issue, pulling train & test mIoU closer and further boosting mAP. In the final two rows,
we show that ensembling the predictions of the two heads during inference can further boost
performance and that training with the auxiliary head still has better mAP.

Two-stage 3D-only Baseline. In Table 3, we analyze our 3D-only baseline. We first find that
training VoteNet for 240 epochs instead of the 180 epochs in the original paper can improve
performance. Then, adding the 2nd stage 3D refinement module significantly boosts mAP.
Number of Points per Proposal. In Table 4, we ablate the number of points sampled within
each proposal during inference. (512 points are sampled during training). We find that
the boost in 3D mAP is larger for 3D—2D—3D than the 3D-only model, likely due to a
corresponding increase in 2D performance. We do notice, however, that from 1024 to 2048,
2D mloU drops while 3D mAP increases, suggesting that despite the positive relationship
between 2D mloU and 3D mAP, the two many not be perfectly correlated.

3D-to-2D: Fusing 3D Proposals for 2D Segmentation. Table 5 shows that the 3D-to-2D
fusion significantly improves both 2D mloU and 3D mAP. This ablation verifies our intuition
that 3D predictions can benefit 2D predictions, which can further improve 3D predictions.
Additional Early 2D-to-3D Fusion: PointPainting In Table 6, we see that adding a 2D
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network (2D-only ResNet18+DeepLabV3+ achieves 46.37 mloU) before the initial 3D pro-
posal generation boosts both 2D mloU and 3D mAP. Then, recursively re-using the improved
2D segmentation to generate new proposals further improves metrics. Experiments with a
larger initial 2D network are in the supplementary.

5 Conclusion

In this work, we have presented a new framework that recursively uses 3D detections and
2D segmentation predictions to improve each other in a cascade fashion. Fusing semantic
and geometric features extracted from 3D box proposals into a 2D segmentation network,
our model generates greatly improved 2D segmentation predictions that can then be used
to refine the 3D proposals. Further, by training the initial 3D proposal generator to also
take as input 2D segmentation results, the entire pipeline can be repeated recursively. Our
experiments demonstrate that 2D images and 3D point clouds are mutually complementary
modalities. Our network, MTC-RCNN, achieves new state-of-the-art 3D detection perfor-
mance on the SUN RGB-D dataset without any 2D annotations.
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