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Abstract

Object detection from 3D point clouds remains a chal-
lenging task, though recent studies pushed the envelope with
the deep learning techniques. Owing to the severe spatial
occlusion and inherent variance of point density with the
distance to sensors, appearance of a same object varies a
lot in point cloud data. Designing robust feature represen-
tation against such appearance changes is hence the key
issue in a 3D object detection method. In this paper, we
innovatively propose a domain adaptation like approach to
enhance the robustness of the feature representation. More
specifically, we bridge the gap between the perceptual do-
main where the feature comes from a real scene and the con-
ceptual domain where the feature is extracted from an aug-
mented scene consisting of non-occlusion point cloud rich
of detailed information. This domain adaptation approach
mimics the functionality of the human brain when proceed-
ing object perception. Extensive experiments demonstrate
that our simple yet effective approach fundamentally boosts
the performance of 3D point cloud object detection and
achieves the state-of-the-art results.

1. Introduction

3D object detection [11, 24, 28, 42, 44] received
widespread attention from both industry and academia due
to its crucial role in autonomous driving [14]. Despite the
tremendous success achieved in recent years in object de-
tection from 2D images [12,25,27,31,32], object detection
based on 3D point clouds remains an open and highly chal-
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Figure 1. Comparison between traditional 3D object detection and
our Associate-3Ddet. E and D are the encoder and decoder, re-
spectively. In contrast to the traditional method that directly uses
the features of sparse point clouds for detection, our Associate-
3Ddet learns to associate incomplete percepted features of objects
with more complete features of corresponding class-wise concep-
tual models for feature enhancement.

lenging problem due to the object occlusion and the vari-
ance of the point distribution.

With the distance to the LiDAR sensor increases, the
density of the point cloud dramatically decreases, result-
ing in the huge density variance. Moreover, some parts
of objects might be invisible due to occlusion or low den-
sity point cloud. In these cases, 3D detection results are
error-prone due to lack of compact perceptual features. Re-
cent 3D detection methods [37,42] struggle to alleviate this
problem. On one hand, STD [42] proposes PointsPool to
transform intermediate point features from sparse expres-
sion to more compact voxel representation for final box
prediction. However, for far objects, simple voxelization
did not help the network learn compact perceptual fea-
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tures as most voxels might be empty. On the other hand,
RANGE [37] exploits generative adversarial networks to
encourage consistent features for far-range as near-range
objects. However, it focuses on range domain adaptation
and ignores object-wise constrains like viewing angles and
3D shape. By comparison, we select objects with similar ro-
tation angles and similar shapes as the conceptual guidance
and directly adapt object-wise features from the perceptual
domain to the conceptual domain following a transfer learn-
ing paradigm (see Figure 1).

From a psychological perspective, object perceptual is
usually carried out in form of an association process. Such
association process helps mapping from the observed oc-
cluded or distant object to a complete object with the finest
details. This process is regarded as the associative recog-
nition in the human cognitive system. More specifically,
as it is proposed in [3, 8] that human object perceptual is a
hierarchical process consisting of two stages: (a) a “viewer-
centered” representation stage, where the features of the
object are presented from the viewer’s perspective , while
the existing features may be incomplete due to occlusion
and distance; (b) an “object-centered” representation stage,
where the object’s features are associated with its class-wise
conceptual model stored in the brain.

Previous works such as [5,9, 17] demonstrate that bio-
logical plausibility can be used as a guide to design intelli-
gent systems. Considering above issues, in this paper, we
present Associate-3Ddet for object detection in point cloud,
as depicted in Figure 1. Associate-3Ddet builds up the as-
sociation between the weak perceptual features, where 3D
detection results are unsatisfactory due to the dramatic vari-
ance of appearance, and the robust conceptual features. To
associate the perceptual features and our proposed concep-
tual features, we present a self-contained method to filter
conceptual models with similar view-points and high den-
sity in the same dataset, and put them on the correspond-
ing ground-truth positions for conceptual feature extraction.
Compared with perceptual features, performing 3D detec-
tion on conceptual features brings significant performance
gains (see Table 3). By narrowing the gap between the
perceptual domain and our proposed conceptual domain,
Associate-3Ddet surpasses state-of-the-art on the popular
KITTI 3D detection benchmark (see Table 1 and 2). The
main contributions of our work are summarized as follows:

e We propose a 3D object detection framework that
learns to associate feature extracted from the real scene
with more discriminative feature from class-wise con-
ceptual models, which enhances the feature robustness
especially for occluded objects or objects in a distance.

e We propose a perceptual-to-conceptual module (P2C)
that adapts object features from the perceptual do-
main to the conceptual domain balanced by an

incompletion-aware reweighting map.

e We present a concrete method to construct the concep-
tual scene without appealing to external resources.

e We achieve state-of-the-art 3D object detection perfor-
mance on KITTI benchmark.

2. Related Work

3D Object Detection. Current 3D object detection meth-
ods can be divided into three categories: multi-view, voxel-
based, and point-based methods.

The multi-view method [4, 20, 21,40, 41] projects point
clouds to the bird’s eye view (BEV) or the image plane [22]
to perform 3D detection. [4] applied a region proposal net-
work (RPN) to obtain positive proposals, and features are
merged from the image view, front view and BEV. [20] fur-
ther merged features from multiple views in the RPN phase
to generate proposals.

There are several methods using voxel-grid representa-
tion. 3DFCN [22] and Vote3Deep [13] discretized the point
cloud on square grids and applied 3D convolutional net-
works to address 3D point clouds for object detection, but
these approaches suffer from high computational overhead
due to 3D convolutions. In [45], the author first introduced
the VoxelNet architecture to learn discriminative features
from 3D point clouds for 3D object detection. VoxelNet is
further improved by applying sparse convolution [15,16,39]
to reduce computational consumption. Pseudo-images were
utilized by [21] as the representation after point clouds are
voxelized, which further enhances the detection speed.

F-PointNet [30] first exploits raw point clouds to detect
3D objects. Frustum proposals were used from off-the-shelf
2D object detectors as candidate boxes, and predictions
were regressed according to interior points [38]. PointR-
CNN [35] directly processed the raw point cloud to gener-
ate 3D proposal regions in a bottom-up manner according to
the segmentation label from 3D box annotations. STD [42]
presented a point-based proposal generation paradigm with
spherical anchors, which achieves a high recall.

Differently, RANGE [37] proposed cross-range adapta-
tion following a generative adversarial network paradigm
to produce consistent features for far-range objects as
near-range objects. It aims at range adaptation and ignores
the object-wise features like occlusion. By comparison, our
proposed object-wise domain adaptation produces better
performance.

Transfer Learning in Deep Neural Networks. Transfer
learning [29] is a type of machine learning paradigm aimed
at bridging different domains in natural language processing
(NLP) [6] and computer vision [18]. Our Associate-3Ddet
adopts the transfer learning method to narrow the domain
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Figure 2. Overview of our proposed Associate-3Ddet framework and its underlying biological model. Associate-3Ddet mainly consists of
four parts: (a) The voxel-grid representation and sparse-convolution-based perceptual feature extractor (PFE), which encodes the percepted
information as the visual cortex (VC) does in the brain. (b) The conceptual feature generator (CFG) generates the features based on the
constructed conceptual scene. (c) The perceptual-to-conceptual module (P2C) adapts features from the perceptual domain to the conceptual
domain, which mimics the knowledge association and retrieval process in the brain. The right yellow arrow points to the adaptation loss.
(d) The loss for 3D object detection. Note that the PFE without deformable convolutional layers is our baseline method. The explanation

of the Bio-model can be found in Sec.3.1

gap between perceptual features and class-wise conceptual
features. The key point lies in how to reduce the distri-
bution discrepancy across different domains while avoiding
over-fitting. Deep neural networks are leveraged to perform
transfer learning, since they are able to extract high-level
representations which disentangle different explanatory fac-
tors of variations behind the data [2] and manifest invariant
factors underlying different populations that transfer well
from source domain tasks to target domain tasks [10,43].

3. Methodology

Our Associate-3Ddet establishes associations between
the perceptual feature and conceptual feature based on do-
main adaptation. Due to the occlusion or the long range dis-
tance, some instances only contain few points captured by
LiDAR, making it difficult to directly decide the category
of the object or to infer the object location knowledge. The
perceptual domain corresponds to the real scene that reports
unsatisfactory performance owing to the variance of appear-
ance. Fortunately, we can construct the conceptual domain
that learns from a compact point cloud or more informa-
tive instances to guide the feature learning in challenging
cases. In other words, the conceptual feature is robust to
object location and orientation, which can be extracted from
complete point clouds with details as fine as possible. We
believe that a 3D detection algorithm will become more ro-
bust, if the gap between the two features diminishes.

The overall architecture of the proposed Associate-
3Ddet is illustrated in Figure 2, which consists of four
parts: (a) the perceptual feature extractor (PFE) to extract
the target domain feature from the real scene; (b) the con-
ceptual feature generator (CFG) to provide the source do-

main feature from an augmented scene; (c) the perceptual-
to-conceptual module (P2C) to perform domain adaptation
balanced by a incompletion-aware reweighting map; (d)
the training loss for forcing the feature learning. We de-
tail the network and depict the biological model that sup-
ports our motivation in Sec.3.1. In Sec.3.2, the training pro-
cess of Associate-3Ddet is described. The practical method
we adopt to construct conceptual models is explained in
Sec.3.3.

3.1. Network of Associate-3Ddet

Many 3D point cloud detection methods [21, 35, 39,42]

can be employed as the PFE or/and the CFG branch in our
approach. In this section, we instantiate one PFE and one
CFG for the demonstration purpose.
PFE to extract perceptual features. The PFE mod-
ule functions as the feature extractor from the real scene
which is shown in Figure 2 and colored in red. Follow-
ing [21,39,45], our Associate-3Ddet uses a brief and simple
encoder that first fetches the input features by dividing the
entire 3D space into voxels and then adopts sparse convolu-
tion [15] for feature extraction. For sparse convolution, the
output points are not computed if there is no related input
point, which saves computational resources.

It is more difficult for the PFE branch to directly learn
the conceptual feature representation from the perceptual
scene comparing against the CFG branch, due to the lack
of valid points within the scene. Therefore, to make the
PFE to generate feature representation resembling concep-
tual features for occluded objects or objects in a distance,
the network may have the ability to adaptively adjust the re-
spective field and actively capture more informative context
information even in sparse cases. Inspired by [7] that vali-
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Figure 3. Illustration of our incompletion-aware reweighting map.
We calculate the average length of all learned offsets for each pixel
to represent its expansion degree of searching its context informa-
tion. Those regions (yellow) with incomplete and sparse object
point clouds requires larger searching steps, which also needs to
be given more attention during domain adaptation.

dates the boosting capability of deformable convolution in
modeling geometric transformation, this work extends 2D
deformable convolutional operation to 3D voxel-based rep-
resentations, as shown in Figure 2.

CFG to generate conceptual features. A siamese sub-
network named CFG extracts the conceptual feature from
augmented scene serving as source domain feature. The
CFQG is first separately trained end-to-end on the conceptual
scene, which is derived from the real-world scene and inte-
grated with complete object models. Here we raise that the
conceptual model can be a complete point cloud for each
object, such as 3D CAD models from external resources, or
surrogate models with more informative knowledge origi-
nated from the same dataset, i.e., self-contained. One of
practical conceptual model-constructing methods will be in-
troduced in following Sec.3.3. After end-to-end training of
the CFG, the parameters is fixed to provide stable feature
guidance for further domain adaptation. During the training
process of the PFE, the real-world scene and its correspond-
ing conceptual scene are fed into the PFE and CFG, respec-
tively. Even only with sparse and partly visible point clouds
of real objects, the PFE is encouraged to learn more robust
features under the guidance of conceptual model. During
inference process, the CFG is no longer needed.

P2C to perform domain adaptation. The proposed P2C
learns to map the perceptual feature generated by PFE to
the conceptual feature extracted by the CFG to build up as-
sociations. As mentioned above, the source domain fea-
ture is obtained by the CFG and the locations of both the
real scanned objects and conceptual models are spatially
aligned. Consequently, we directly optimize the L2 distance
between these two features for domain adaptation. The pa-
rameters of PFE are tuned to encourage percepted objects to
generate features that resemble more informative concep-
tual ones. To make the domain adaptation more focused,
it is restricted to foreground pixels only. As depicted in

Figure 3, we calculate the foreground mask of the source
domain by reprojecting the 3D object bounding box to the
BEV view and downsample it to match the output feature
map scale and the foreground pixels are those containing
at least one point of objects. It is noticed that the pixel-
wise difference between these two feature maps are prone
to be large in regions containing incomplete structures due
to the occlusion or sampling effect. As proposed in [7], the
deformable convolutional layers have the adaptive respec-
tive field according to the learned offsets. We also observed
that the learned offsets of the deformable convolutional lay-
ers in these regions are comparatively larger than those in
other regions. This is probably because feature extraction
for incomplete structure usually demands the surrounding
information as a complement. Given such observations, we
design a incompletion-aware reweighting map based on the
learned offset as a guidance to reweight the per pixel L2
loss. This weighting approach shares a similar idea behind
focal loss [26] and OHEM [36] where a weighting strategy
is employed to encourage the network to focus on particu-
lar samples to achieve better performance. As illustrated in
Figure 3, for each pixel of the feature, the deformable con-
volutional layer learns 2 (Ax and Ay two directions) x IV
offsets. The averaged offset length over all offsets for each

pixel is 4 ZnNzl \/Az? + Agy?, and it is first adopted as
the weighting value of the pixel to obtain the offset length
map. Next, the offset length map is multiplied by the fore-
ground feature mask so that the domain adaptation is only
carried out on foreground. Then, the foreground offset map
is normalized to 0 ~ 1 to get the reweighting map. The for-
mulation will be detailed in Sec.3.2. Note that after training,
the whole P2C and CFG are no longer needed.
Biological model underlying the framework. To further
explain how such simple architecture is able to enhance the
performance of 3D object detection, we investigate a num-
ber of biology studies on the human cognitive system corre-
sponding to 3D object detection. According to the biologi-
cal model, the associative recognition process in the human
brain involves three crucial factors, as illustrated in Figure
2: the visual cortex (VC), anterior temporal lobes (ATL)
and inferior longitudinal fasciculus (ILF). In general, the
VC encodes the received primary information, while the
ATL has been implicated as a key repository of concep-
tual knowledge [19], which plays a critical role in object
detection [34]. In the ATL, conceptual models of different
classes are coded in an invariant manner. The ILF is proved
to be connected between the ATL and VC [1, 33], which
provides the associative path between conceptual models
and the real-world objects. With the enhanced object fea-
ture guided by the ATL through the ILF, the representation
of an object becomes more abundant and robust for further
object localization, despite of far distance and occlusion.
Our proposed P2C that adapts the object features from
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the perceptual domain to the conceptual domain simulates
the knowledge association and retrieving process between
the ATL and VC. After perceptual and conceptual domains
being well aligned after training, the network is able to
adaptively generate the conceptual features without CFG.
Therefore, the CFG is actually designed to build up a virtual
“repository” of conceptual representations for the network
like the ATL in the brain, and thus the CFG and P2C can be
simply removed during the inference process.

3.2. Training of Associate-3Ddet

Training of CFG. There are two losses for our CFG, in-
cluding the binary cross entropy loss for classification and
the smooth-L1 loss for 3D proposal generation. We denote
the total loss of our CFG as Lo pg:

LCFG = £bbom + [fclass (1)

Same regression targets as those in [39,45] are set up and
smooth-L1 loss Ly, is adopted to regress the normalized
box parameters as:

A.’L‘ — acad—xg 7 Ay — yah—yg , AZ _ zad—zg7
Al = log(%), Ah = log(Z—-z), Aw = log(=2), (2

AO=0, 0, o

where x, y, and z are the center coordinates; w, [, and
h are the width, length, and height, respectively; € is
the yaw rotation angle; the subscripts a, and g indicate
the anchor and the ground truth, respectively; and d, =

(la)? 4 (wq)? is the diagonal of the base of the anchor
box. (Za,YasZa,Pa, Wa,la,0,) are the parameters of 3D
anchors and (x4, yg, 29, hg, Wy, lg, 04) represent the corre-
sponding ground truth box.

We use the focal loss introduced by [26] for classification
to alleviate the sample imbalance during our anchor-based
training, and the classification loss L.,ss is formulated as
follows:

Leiass = at(l - pt)rylog(pt) 3)

where p; is the predicted classification probability and «
and -y are the parameters of the focal loss.

Training of the whole Associate-3Ddet. In addition to the
classification and regression loss, there is an extra loss func-
tions for associative feature adaptation. We denote the total
loss of our Associate-3Ddet as Lozq;:

Ltotal = Lbbor + Lclass + U‘Cassociate (4)

Where o is a hyperparameter to balance these loss terms.
The association 10ss L,ssociate fOr the object feature adap-
tation is formulated as follows:

P
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Figure 4. The generation process of the conceptual scene contains
three steps: (1) Objects are divided into N groups according to
their rotation angles. In each group, we choose the top K % objects
with the most points as our conceptual models. (2) For each object
not be chosen as the conceptual model, we choose the conceptual
model with the minimum average closest point distance from the
object as its correspondence. (3) The scale and rotation are further
refined accordingly.

where Fpercetual aNd Feonceptual are the two feature maps
from the target and source domain. P and p denote the
number of nonzero pixels and their indexes in M cyeight,
respectively. M cyeight is formulated as follows:

Mreweight = QS(Moffset : Mforeground) (6)

where M,rrse: denotes the average offset length map.
As explained in Sec.3.1, we average the length of all
learned offsets for each pixel to calculate this map, and
M foreground 18 the reprojected foreground feature mask. ¢
represents the operation that normalizes the map to 0 ~ 1.

3.3. Self-contained method to build conceptual
models

As explained before, conceptual models can be fabri-
cated through various approaches, such as 3D CAD models
and render-based techniques. Instead of appealing to costly
external resources, we present a self-constrained concep-
tual model-constructing method to adopt surrogate models
with more informative knowledge originated from the same
dataset. Free-of-charge ground-truth point cloud instance
objects with more complete structures are chosen as can-
didate conceptual models since 3D point cloud objects of
the same class are usually of the similar scale. The main
process is shown in Figure 4 and explained as follows.

Firstly, for each category, relevant point cloud instances
are divided into M groups according to their rotation angles
ranging from —180° to +180°. In each equally divided ro-
tation range, we rank the point clouds of objects in density.
The top K% instances with the most complete point clouds
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in each range and category are chosen as our candidate con-
ceptual models. Next, to build pairwise correspondence for
less informative objects in real-world scanned point clouds,
given a less informative percepted object (which is not se-
lected as a candidate conceptual model) and its ground truth
pose of the 3D bounding box, we select conceptual models
from the candidates within the same rotation range as the
less informative one. To eliminate the small angle differ-
ence, the chosen candidate is further rotated into the exact
pose of the real scanned object. The one with the minimum
average closest point distance from percepted object is se-
lected as the correspondence. Then, the scale (length, width
and height) of the corresponding conceptual model is fur-
ther fine-tuned according to the size of less informative per-
cepted object. Each conceptual scene is finally composed
by replacing the incomplete original point cloud of object
with related conceptual models in 3D space.

4. Experiments
4.1. Dataset and Experimental Setup

We evaluate Associate-3Ddet on the widely acknowl-
edged 3D object detection benchmark, KITTI dataset [14],
on ‘Car’ category. The color images as well as the relevant
point cloud are provided. We split the 7481 training images
equally into train and validation set in accordance with pre-
vious works such as [42]. Average precision (AP) metrics
measured in 3D and BEV are utilized to evaluate the perfor-
mance of different methods. During evaluation, we follow
the official KITTI evaluation protocol. Three levels of diffi-
culty are defined according to the 2D bounding box height,
occlusion and truncation degree as follows: easy, moderate
and hard. The benchmark ranks algorithms based on the
moderately difficult results.

4.2. Implementation Details.

Data Augmentation We perform data augmentation to pre-
vent over-fitting following [39] on both perceptual and con-
ceptual datasets.

Network Architecture In contrast to [39] that adopts
stacked convolutions for input feature encoding, we sim-
ply limit the number of each voxel to be no more than five
points and compute the mean x, y, z values within them as
the input feature, followed by a 128-dimension linear layer.
After feeding into stacked sparse and submanifold convo-
lutions for feature extraction and dimensionality reduction,
the shape of obtained encoded tensor is 128 x 2 x 200 x 176,
where 2 corresponds to height dimension. We squeeze the
height dimension by reshaping it into the feature map chan-
nels. Since PFE and CFG are of siamese structures with
different input features, we leave the detailed architecture
in the supplementary material. Then, features of PFE are
fed into a deformable convolutional layer with a 128-output

feature map, a kernel size of (5, 5). Finally, naive convolu-
tions are applied to features originated from the deformable
convolutional layer.

Training Parameters Both CFG and PFE are trained with
the ADAM optimizer and batch size 6 for 80 epochs on a
single NVIDIA TITAN RTX card. We utilize the cosine
annealing learning rate strategy with an initial learning rate
0.001. We set « = 0.25 and v = 2 in focal loss, 0 = 0.5
to balance the loss terms, and M = 24 and K = 20 to
create the conceptual scenes. We first train CFG for con-
ceptual models end-to-end and then keep it fixed for further
Associate-3Ddet network training.

4.3. Quantitative Results

As shown in Table 1, we evaluate our Associate-3Ddet
on 3D detection and BEV detection benchmark on KITTI
val split set. For 3D object detection, by only utilizing
LiDAR point clouds and voxel-based encoding, our pro-
posed Associate-3Ddet outperforms most existing state-of-
the-art methods and obtains comparable results on “hard”
difficulty level with STD [42], whereas our network runs
at much higher FPS (see the time cost in Table 1 and GPU
resource for detail). For BEV detection, our method out-
performs previous top-ranked methods by large margins on
all the difficulty levels. Thanks to the self-contained con-
ceptual model and brain-inspired P2C module, our simple
yet effective network is able to get superior performance to
complicated networks and runs at high FPS.

Table 2 shows the result on KITTI 3D object detec-
tion test server. For the fairness, the comparison is car-
ried out among methods based on pseudo-image representa-
tions. Our Associate-3Ddet is superior to all LIDAR-based
methods on all entries. Note that in this paper, we focus on
pseudo-image-based methods to demonstrate the effective-
ness of our brain-inspired approach. Our method can also
be easily expanded to the point-based two-stage methods.

4.4. Ablation Study

To validate the effectiveness of different modules and
settings of Associate-3Ddet, the following ablation exper-
iments are conducted.

The upper bound performance of CFG. Table 3 demon-
strates the upper bound performance of our CFQG, i.e.,
adopting the conceptual models for both train and test. The
high precision (over 90%) indicates the possibility of adopt-
ing conceptual models to guide the PFE module for en-
hanced feature learning. The third row “real + conceptual”
indicates merely training baseline model with KITTI train
split set and the generated conceptual data without using
siamese network for adaptation. The result validates that
simply mixing more training data using the same network
won’t boost the performance.

The strength of domain adaptation. We conduct an in-
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Figure 5. Visualization of our results on KITTI val split set. The ground-truth 3D boxes and the predicted 3D boxes of the baseline method
and our method are drawn in green, yellow and red, respectively, in the LiDAR phase. The first row shows RGB images, and the second

and third rows show the front view and the bird’s-eye view, respectively.

Table 1. Results on 3D object detection and BEV detection of the KITTI val split set at IoU = 0.7 for cars.

Method Time(s) |  Modality M(f’f Deg:st;"“ (‘ﬁ)ar . Mlz]j_v b gssc;on (H%a)r . GPU

MV3D [4] 024 | RGB+LiDAR | 6268 7129 5656 | 78.10 8655 7667 | TITANX

AVOD-FPN[20] | 0.1 | RGB+LiDAR | 7444 8441 6865 | - ) ] TITAN XP

F-PointNet [30] | 0.17 | RGB +LiDAR | 7092 83.76 63.65 | 84.02 88.16 7644 | GTX 1080

VoxcINet [45] | 022 | LiDARonly | 6546 8198 6285 | 8481 89.60 78.57 | TITAN X
SECOND [39] | 005 | LiDARonly | 7648 87.43 69.10 | 87.07 89.96 79.66 | GTX 1080Ti
RANGE [37] 005 | LiDARonly | 7831 8880 76.16 | 87.82 9032 87.51 | GTX 1080 Ti

PointRCNN [35] | 0.1 LiDAR only | 78.63 8888 7738 | 87.07 89.96 79.66 | TITAN XP

STD [42] 0.08 | LiDARonly | 7870 8880 7820 | 8830 90.10 87.40 | TITANV
Ours 006 | LiDARonly | 79.17 8929 77.76 | 88.98 90.55 87.71 | GTX 1080Ti

vestigation by measuring the performance with or without
our P2C and CFG, as shown in Table 4. The first row is
the baseline results trained with only KITTI train split set.
The second row shows the baseline equipped with only D
(deformable convolutional layers). We find that without
domain adaptation, simply adopting deformable convolu-
tional layers has little effect on the performance of the de-

tector. Owing to domain adaptation (P2C and CFG), im-
provement is observed in Row 3. Following rows indicate
the performance of Associate-3Ddet with or without D, M
(foreground mask) and R (reweighting map). The improve-
ments on all difficulty levels indicate that our full approach
equipped with P2C and CFG learns better discriminative
and robust features for 3D detection.
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Table 2. Results on KITTI 3D object detection test server (test split). The 3D object detection and BEV detection are evaluated by average

precision at IoU = 0.7 for cars.

3D Detection (%)

BEYV Detection (%)

Method Time(s) Modality Mod. Easy Hard | Mod. Easy Hard GPU
MV3D [4] 0.24 RGB + LiDAR | 52.73 66.77 5131 | 77.00 85.82 68.94 TITAN X
AVOD-FPN [20] 0.1 RGB + LiDAR | 71.88 8194 66.38 | 83.79 88.53 77.90 | TITAN XP
ContFuse [24] 0.06 RGB + LiDAR | 6622 82.54 64.04 | 8583 88.81 77.33 -

UberATG-MMF [23] 0.08 RGB + LiDAR | 76.75 86.81 6841 | 87.47 8949 79.10 | TITAN XP
VoxelNet [45] 0.22 LiDAR only 65.11 7747 5773 | 7926 89.35 77.39 TITAN X
SECOND [39] 0.05 LiDAR only 73.66 83.13 66.20 | 79.37 88.07 77.95 | GTX 1080Ti
PointPillars [21] 0.016 LiDAR only 7499 79.05 68.30 | 86.10 88.35 79.83 | GTX 1080Ti
Ours 0.06 LiDAR only 7740 8599 70.53 | 88.09 9140 82.96 | GTX 1080Ti

Table 3. The upper bound performance of CFG training with the
conceptual data on AP3s4.

.. A AP3q4 (10U=0.7)
training data validation data Mod. Easy Hard
conceptual real 59.87 78.58 59.33
conceptual 90.69 98.18 90.70
real + conceptual real 76.75 8727 74.68

Table 4. Ablation study for our Associate-3Ddet with different set-
tings on AP3s4.

P2C AP3q4 (IoU=0.7)
& CFG Method Mod. Easy Hard
» Baseline 76.78 87.28 75.46
Baseline (with D) 76.86 87.34 75.70
Ours (without M,D,R) | 78.05 88.34 76.75
Ours (with D) 7829 88.52 7691
v Ours (with M) 78.46  88.74 77.20
Ours (with M,D) 78.69 88.96 77.36
Ours (full approach) 79.17 89.29 77.76

Table 5. Different collection strategies of conceptual models for
CFG on AP3d.

AP3d (IOU=07)
K% Mod. Easy Hard
50% | 78.45 88.88 77.15
40% | 7849 88.96 77.19
30% | 78.59 89.03 77.29
20% | 79.17 89.29 77.76
10% | 78.89 88.92 77.73

Hyperparameter for constructing conceptual models.
To evaluate the effect of hyperparameters for constructing
candidate conceptual models from original object instances,
we conduct experiments with different settings of K, where
the top K% instances in dense-to-sparse order within each
angle range are selected as candidates. Smaller K repre-
sents that each candidate conceptual model contains more
points, which is more close to ideal models. As is revealed
in Table 5, smaller K leads to higher performance due to

more complete conceptual models being selected. How-
ever, if the percentage K is too small, for each angle range,
too few conceptual models exist, making it less possible to
find the best corresponding conceptual model with a similar
structure for each percepted instance. Comparison shows
that setting K to 20 achieves superior performance. More
experiments can be found in the supplementary material.

4.5. Qualitative Results

We present some representative comparison results of
the baseline and our Associate-3Ddet on the val split of
KITTI in Figure 5. It can be seen that the occluded and dis-
tant objects are well detected after adopting the proposed
association mechanism, which demonstrates that the pro-
posed brain-inspired approach adaptively generates robust
features for predicting more accurate 3D bounding boxes.

5. Conclusions

Inspired by human associative recognition, we propose
a simple yet effective 3D object detection framework that
learns to associate features of precepted objects with dis-
criminative and robust features from their conceptual mod-
els by domain adaptation. This approach explicitly bridges
the gap between two domains, and enhances the robustness
against appearance changes in point clouds. In addition, our
approach can be easily integrated into many existing object
detection methods in 3D point clouds. Experimental results
on the KITTI benchmark dataset demonstrate the effective-
ness and robustness of our Associate-3Ddet.

Acknowledgement

This work was supported by the 111 Project
(NO.B18015), the National Natural Science Founda-
tion of China (N0.91630314), the key project of Shanghai
Science & Technology (No.16JC1420402), Shang-
hai Municipal Science and Technology Major Project
(No0.2018SHZDZXO01) and ZJLab.

13336



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(1]

(12]

[13]

Manzar Ashtari. Anatomy and functional role of the inferior
longitudinal fasciculus: a search that has just begun. Devel-
opmental Medicine & Child Neurology, 54(1):6-7, 2012.

Yoshua Bengio, Aaron Courville, and Pascal Vincent. Rep-
resentation learning: A review and new perspectives. [EEE
transactions on pattern analysis and machine intelligence,
35(8):1798-1828, 2013.

Giovanni A Carlesimo, Paola Casadio, Maurizio Sabbadini,
and Carlo Caltagirone. Associative visual agnosia resulting
from a disconnection between intact visual memory and se-
mantic systems. Cortex, 34(4):563-576, 1998.

Xiaozhi Chen, Huimin Ma, Ji Wan, Bo Li, and Tian Xia.
Multi-view 3d object detection network for autonomous
driving. In Proceedings of the IEEE Conference on Com-
puter Vision and Pattern Recognition, pages 1907-1915,
2017.

Changmao Cheng, Yanwei Fu, Yu-Gang Jiang, Wei Liu,
Wenlian Lu, Jianfeng Feng, and Xiangyang Xue. Dual skip-
ping networks. In Proceedings of the IEEE Conference
on Computer Vision and Pattern Recognition, pages 4071-
4079, 2018.

Ronan Collobert, Jason Weston, Léon Bottou, Michael
Karlen, Koray Kavukcuoglu, and Pavel Kuksa. Natural lan-
guage processing (almost) from scratch. Journal of machine
learning research, 12(Aug):2493-2537, 2011.

Jifeng Dai, Haozhi Qi, Yuwen Xiong, Yi Li, Guodong
Zhang, Han Hu, and Yichen Wei. Deformable convolutional
networks. In Proceedings of the IEEFE international confer-
ence on computer vision, pages 764-773, 2017.

Ennio De Renzi. Disorders of visual recognition. In Semi-
nars in neurology, volume 20, pages 479-486. Copyright(©
2000 by Thieme Medical Publishers, Inc., 333 Seventh Av-
enue, New ..., 2000.

Liang Du, Jingang Tan, Xiangyang Xue, Lili Chen, Hongkai
Wen, Jianfeng Feng, Jiamao Li, and Xiaolin Zhang. 3dcfs:
Fast and robust joint 3d semantic-instance segmentation via
coupled feature selection. arXiv preprint arXiv:2003.00535,
2020.

Liang Du, Jingang Tan, Hongye Yang, Jianfeng Feng, Xi-
angyang Xue, Qibao Zheng, Xiaoqing Ye, and Xiaolin
Zhang. Ssf-dan: Separated semantic feature based domain
adaptation network for semantic segmentation. In The IEEE
International Conference on Computer Vision (ICCV), Octo-
ber 2019.

Xinxin Du, Marcelo H Ang, Sertac Karaman, and Daniela
Rus. A general pipeline for 3d detection of vehicles. In 2018
IEEE International Conference on Robotics and Automation
(ICRA), pages 3194-3200. IEEE, 2018.

Kaiwen Duan, Song Bai, Lingxi Xie, Honggang Qi, Qing-
ming Huang, and Qi Tian. Centernet: Object detection with
keypoint triplets. arXiv preprint arXiv:1904.08189, 2019.
Martin Engelcke, Dushyant Rao, Dominic Zeng Wang,
Chi Hay Tong, and Ingmar Posner. Vote3deep: Fast ob-
ject detection in 3d point clouds using efficient convolutional
neural networks. In 2017 IEEE International Conference on

[14]

(15]

(16]

(171

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

13337

Robotics and Automation (ICRA), pages 1355-1361. IEEE,
2017.

Andreas Geiger, Philip Lenz, and Raquel Urtasun. Are we
ready for autonomous driving? the kitti vision benchmark
suite. In 2012 IEEE Conference on Computer Vision and
Pattern Recognition, pages 3354-3361. IEEE, 2012.
Benjamin Graham, Martin Engelcke, and Laurens van der
Maaten. 3d semantic segmentation with submanifold sparse
convolutional networks. In Proceedings of the IEEE Con-
ference on Computer Vision and Pattern Recognition, pages
9224-9232, 2018.

Benjamin Graham and Laurens van der Maaten. Sub-
manifold sparse convolutional networks. arXiv preprint
arXiv:1706.01307, 2017.

Demis Hassabis, Dharshan Kumaran, Christopher Summer-
field, and Matthew Botvinick. Neuroscience-inspired artifi-
cial intelligence. Neuron, 95(2):245-258, 2017.

Judy Hoffman, Sergio Guadarrama, Eric S Tzeng, Ronghang
Hu, Jeff Donahue, Ross Girshick, Trevor Darrell, and Kate
Saenko. Lsda: Large scale detection through adaptation. In
Advances in Neural Information Processing Systems, pages
3536-3544, 2014.

Paul Hoffman and Matthew A Lambon Ralph. From percept
to concept in the ventral temporal lobes: Graded hemispheric
specialisation based on stimulus and task. Cortex, 101:107—
118, 2018.

Jason Ku, Melissa Mozifian, Jungwook Lee, Ali Harakeh,
and Steven L Waslander. Joint 3d proposal generation and
object detection from view aggregation. In 2018 IEEE/RSJ
International Conference on Intelligent Robots and Systems
(IROS), pages 1-8. IEEE, 2018.

Alex H Lang, Sourabh Vora, Holger Caesar, Lubing Zhou,
Jiong Yang, and Oscar Beijbom. Pointpillars: Fast encoders
for object detection from point clouds. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recogni-
tion, pages 12697-12705, 2019.

Bo Li. 3d fully convolutional network for vehicle detection
in point cloud. In 2017 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS), pages 1513-1518.
IEEE, 2017.

Ming Liang, Bin Yang, Yun Chen, Rui Hu, and Raquel Urta-
sun. Multi-task multi-sensor fusion for 3d object detection.
In Proceedings of the IEEE Conference on Computer Vision
and Pattern Recognition, pages 7345-7353, 2019.

Ming Liang, Bin Yang, Shenlong Wang, and Raquel Urtasun.
Deep continuous fusion for multi-sensor 3d object detection.
In Proceedings of the European Conference on Computer Vi-
sion (ECCV), pages 641-656, 2018.

Tsung-Yi Lin, Piotr Dolldr, Ross Girshick, Kaiming He,
Bharath Hariharan, and Serge Belongie. Feature pyra-
mid networks for object detection. In Proceedings of the
IEEE conference on computer vision and pattern recogni-
tion, pages 2117-2125, 2017.

Tsung-Yi Lin, Priya Goyal, Ross Girshick, Kaiming He, and
Piotr Dolléar. Focal loss for dense object detection. In Pro-
ceedings of the IEEE international conference on computer
vision, pages 2980-2988, 2017.



[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

(37]

(38]

(39]

(40]

[41]

Wei Liu, Dragomir Anguelov, Dumitru Erhan, Christian
Szegedy, Scott Reed, Cheng-Yang Fu, and Alexander C
Berg. Ssd: Single shot multibox detector. In European con-
ference on computer vision, pages 21-37. Springer, 2016.
Wenjie Luo, Bin Yang, and Raquel Urtasun. Fast and furi-
ous: Real time end-to-end 3d detection, tracking and motion
forecasting with a single convolutional net. In Proceedings of
the IEEE conference on Computer Vision and Pattern Recog-
nition, pages 3569-3577, 2018.

Sinno Jialin Pan and Qiang Yang. A survey on transfer learn-
ing. IEEE Transactions on knowledge and data engineering,
22(10):1345-1359, 2009.

Charles R Qi, Wei Liu, Chenxia Wu, Hao Su, and Leonidas J
Guibas. Frustum pointnets for 3d object detection from rgb-
d data. In Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition, pages 918-927, 2018.
Joseph Redmon, Santosh Divvala, Ross Girshick, and Ali
Farhadi. You only look once: Unified, real-time object de-
tection. In Proceedings of the IEEE conference on computer
vision and pattern recognition, pages 779788, 2016.
Shaoqing Ren, Kaiming He, Ross Girshick, and Jian Sun.
Faster r-cnn: Towards real-time object detection with region
proposal networks. In Advances in neural information pro-
cessing systems, pages 91-99, 2015.

Goksel Sali, Robert G Briggs, Andrew K Conner, Meherzad
Rahimi, Cordell M Baker, Joshua D Burks, Chad A Glenn,
James D Battiste, and Michael E Sughrue. A connectomic
atlas of the human cerebrum—chapter 11: Tractographic de-
scription of the inferior longitudinal fasciculus. Operative
Neurosurgery, 15(suppl_1):S423-S428, 2018.

Daniel Schacter, Daniel Gilbert, Daniel Wegner, and
Bruce M Hood. Psychology: European Edition. Macmil-
lan International Higher Education, 2011.

Shaoshuai Shi, Xiaogang Wang, and Hongsheng Li. Pointr-
cnn: 3d object proposal generation and detection from point
cloud. In Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition, pages 770779, 2019.
Abhinav Shrivastava, Abhinav Gupta, and Ross Girshick.
Training region-based object detectors with online hard ex-
ample mining. In Proceedings of the IEEE conference on
computer vision and pattern recognition, pages 761-769,
2016.

Ze Wang, Sihao Ding, Ying Li, Minming Zhao, Sohini Roy-
chowdhury, Andreas Wallin, Guillermo Sapiro, and Qiang
Qiu. Range adaptation for 3d object detection in lidar. arXiv
preprint arXiv:1909.12249, 2019.

Danfei Xu, Dragomir Anguelov, and Ashesh Jain. Pointfu-
sion: Deep sensor fusion for 3d bounding box estimation.
In Proceedings of the IEEE Conference on Computer Vision
and Pattern Recognition, pages 244-253, 2018.

Yan Yan, Yuxing Mao, and Bo Li. Second: Sparsely embed-
ded convolutional detection. Sensors, 18(10):3337, 2018.
Bin Yang, Ming Liang, and Raquel Urtasun. Hdnet: Exploit-
ing hd maps for 3d object detection. In Conference on Robot
Learning, pages 146-155, 2018.

Bin Yang, Wenjie Luo, and Raquel Urtasun. Pixor: Real-
time 3d object detection from point clouds. In Proceedings of

(42]

(43]

[44]

[45]

13338

the IEEE conference on Computer Vision and Pattern Recog-
nition, pages 7652-7660, 2018.

Zetong Yang, Yanan Sun, Shu Liu, Xiaoyong Shen, and Jiaya
Jia. Std: Sparse-to-dense 3d object detector for point cloud.
arXiv preprint arXiv:1907.10471, 2019.

Jason Yosinski, Jeff Clune, Yoshua Bengio, and Hod Lipson.
How transferable are features in deep neural networks? In
Advances in neural information processing systems, pages
3320-3328, 2014.

Tan Yu, Jingjing Meng, and Junsong Yuan. Multi-view har-
monized bilinear network for 3d object recognition. In Pro-
ceedings of the IEEE Conference on Computer Vision and
Pattern Recognition, pages 186—194, 2018.

Yin Zhou and Oncel Tuzel. Voxelnet: End-to-end learning
for point cloud based 3d object detection. In Proceedings
of the IEEE Conference on Computer Vision and Pattern
Recognition, pages 4490-4499, 2018.



