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Abstract

3D single object tracking (SOT) is an indispensable part
of automated driving. Existing approaches rely heavily on
large, densely labeled datasets. However, annotating point
clouds is both costly and time-consuming. Inspired by the
great success of cycle tracking in unsupervised 2D SOT,
we introduce the first semi-supervised approach to 3D SOT.
Specifically, we introduce two cycle-consistency strategies
for supervision: 1) Self tracking cycles, which leverage la-
bels to help the model converge better in the early stages
of training; 2) forward-backward cycles, which strengthen
the tracker’s robustness to motion variations and the tem-
plate noise caused by the template update strategy. Further-
more, we propose a data augmentation strategy named SOT-
Mixup to improve the tracker’s robustness to point cloud
diversity. SOTMixup generates training samples by sam-
pling points in two point clouds with a mixing rate and as-
signs a reasonable loss weight for training according to
the mixing rate. The resulting MixCycle approach gen-
eralizes to appearance matching-based trackers. On the
KITTI benchmark, based on the P2B tracker [16], Mix-
Cycle trained with 10% labels outperforms P2B trained
with 100% labels, and achieves a 28.4% precision improve-
ment when using 1% labels. Our code will be released at
https://github.com/Mumugiao/MixCycle.

1. Introduction

3D single object tracking (SOT) plays a critical role in
the field of autonomous driving. For example, given object
detection [15, 33] results as input, it can output the neces-
sary information for trajectory prediction [8]. The goal of
SOT is to regress the center position and 3D bounding-box
(BBox) of an object of interest in a search area, given the
point cloud (PC) patch and BBox of the object template.
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Figure 1. Comparison of MixCycle and fully-supervised meth-
ods [16, 25, 34], all trained with 1% labels on KITTI [5]. ‘Succ.
and ‘Prec.’ represent Success and Precision, respectively.

This is a very challenging task because (i) point clouds ob-
tained with, e.g., LiDAR sensors, suffer from occlusions
and point sparsity, complicating the tracker’s task of finding
the object of interest; (ii) the point distribution for an object
may vary significantly, making it difficult for the model to
learn discriminative object features.

To tackle the above challenges, existing 3D SOT mod-
els [6, 16, 4, 9, 10, 25, 34, 18, 35] rely on large scale an-
notated point cloud datasets for training. Unfortunately,
obtaining annotations for this task, as for many 3D tasks,
is extremely time-consuming. Furthermore, as shown in
Fig. 1, the performance of these methods degrades dramat-
ically as the number of labeled samples decreases. Never-
theless, no semi-supervised or unsupervised methods have
been explored so far in 3D SOT.

As shown in Fig. 2, the matching-based tracker of [34]
can still track the target at the very beginning of a sequence
by predicting a motion offset relative to the reference coor-
dinate, even though there are no points in the template for
appearance matching. This indicates that the appearance
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Figure 2. We observe that appearance matching-based trackers can
learn the objects motion distribution and track them even in the
absence of points for appearance matching. For instance, BAT [34]
manages to track objects in extremely sparse point clouds.

matching-based trackers can learn motion information. By
contrast, in 2D SOT, many trackers [23, 24, 36, 29] employ
cycle consistency to leverage unsupervised data. Specifi-
cally, they encourage forward and backward tracking to pro-
duce consistent motions. In principle, we expect to apply
this idea to 3D SOT and make trackers to learn the object’s
motion distribution in unlabeled data. However, transfer-
ring these 2D methods directly to 3D is challenging. First,
since the point cloud is sparse and the environment is clut-
tered with objects, it is hard to find meaningful patches to
use as pseudo labels for training. Second, unsupervised 2D
SOT methods rely on the assumption that the target appears
in every frame of the sequence. Unfortunately, this assump-
tion is not always satisfied in point cloud datasets such as
KITTI [5], NuScenes [ ], and Waymo [20]. This is because
they are built for the multi-object tracking task, and can-
not guarantee that the tracking object exists in the whole
sequence.

In this paper, we introduce a label-efficient way to train
3D SOT trackers. We call it MixCycle - a 3D SOT ap-
proach based on a novel SOTMixup data augmentation
strategy for semi-supervised Cycle tracking. Specifically,
we first develop a tracking framework exploiting both self
and forward-backward tracking cycles. Self tracking con-
sistency is performed to cover the object point cloud ap-
pearance variation, and forward-backward consistency is
built for learning the object’s motion distribution. Second,
we present a data augmentation method for 3D SOT called
SOTMixup, which is inspired by the success of mixup [31]
and Manifold mixup [22]. Without changing the total num-
ber of points in the search area, SOTMixup samples points
in a random point cloud and the search area point cloud ac-
cording to the mixing rate and generates training samples.
Specifically, the random point cloud is sampled from the la-
beled training set. SOTMixup thus increases the tracker’s
robustness to point cloud variations. We evaluate MixCycle
on KITTI, NuScenes, and Waymo. As shown in Fig. 1, our
experiments clearly demonstrate the label efficiency, gener-
alization and remarkable performance of our method on the
3D SOT task.

Contributions: (i) We propose the first semi-supervised

3D SOT framework. It exploits self and forward-backward
consistency as supervision and generalizes to appearance
matching-based trackers. (i) We introduce a SOTMixup
augmentation strategy that increases the tracker’s robust-
ness to point distribution variations and allows it to learn
motion information in extreme situations. (iii) Our frame-
work demonstrates a remarkable performance in terms of
label efficiency, achieving better results than existing super-
vised methods in our experiments on KITTI NuScenes, and
Waymo when using fewer labels. In particular, we surpass
P2B [16] trained on 100% labels while only using 10% la-
bels.

2. Related Work

3D Single Object Tracking. Since LiDAR is insensitive
to illumination, the appearance matching model has be-
come the main choice in the field of 3D single object track-
ing. Giancola et al. [6] proposed SC3D which is the first
method using a Siamese network to deal with this prob-
lem. However, it is very time-consuming and inaccurate
due to heuristic matching. Zarzar et al. [30] built an end-
to-end tracker by using 2D RPN in 2D bird’s eyes view
(BEV). Unfortunately, the lack of information in one di-
mension leads to limited accuracy. The point-to-box (P2B)
network [16] employs VoteNet[15] as object regression
module to construct a point-based tracker. A number of
works [4, 9, 10, 25, 34, 18] investigate different architec-
tures of trackers based on P2B [16]. Zheng et al. [34] de-
picted an object using the point-to-box relation and pro-
posed BoxCloud, which enables the model to better sense
the size of objects. Hui et al. [9] discovered the pri-
ori information of object shapes in the dataset to obtain
dense representations of objects from sparse point clouds.
Zheng et al. [35] presented a motion centric method M2-
Track, which is appearance matching-free and has made
great progress in dealing with the sparse point cloud track-
ing problem. However, M?2-track is limited by the LiDAR
frequency of datasets as object motion in adjacent frames
varies with the LiDAR sampling frequency.

All the above methods rely on large-scale labeled
datasets. Unfortunately, 3D point cloud annotation is labor-
and time-consuming. To overcome this, we propose Mix-
Cycle, a semi-supervised tracking method based on cycle
consistency constraints with SOTMixup data augmentation.
Label-Efficient Visual Tracking. Wang et al. [23] pro-
posed unsupervised deep tracking (UDT) with cycle consis-
tency, based on a Siamese correlation filter backbone net-
work. UDT achieved remarkable performance, revealing
the potential of unsupervised learning in visual tracking.
Yuan et al. [29] improved the UDT approach to make the
target features passed forward and backward as similar as
possible. The self-supervised fully convolutional Siamese
network [19] uses only spatially supervised learning of tar-
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Figure 3. MixCycle framework. The label is only contained in P§ of point cloud (PC) sequence {FPs, P;, ...
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cycle: we first sample a PC P, from the labeled training set. Then, we generate pseudo labels by applying SOTMixup and random rigid
transformation (Trans.) to Py and P;. SOTMixup directly mixes P’ and P; based on the number of points with a mixing rate, assigning
a reasonable loss weight corresponding to the mixing rate. We employ the consistency between self tracking proposals and pseudo labels
to formulate the loss Lsei¢. 2) Forward-backward tracking cycle: we leverage forward tracking proposals as pseudo labels and apply a
random rigid transformation to them. Then, we employ the consistency between ground truth (GT)/pseudo labels and backward tracking

proposals to formulate the losses Lcono/{Lcont; - - - s Leon(n—1) }-

get correspondences in still video frames. Wu et al. [26]
proposed a progressive unsupervised learning (PUL) net-
work, which distinguishes the background by contrastive
learning and models the regression result noise. PUL thus
makes the tracker robust in long-time tracking. Unsu-
pervised single object tracker [36] consists of an online-
updating tracker with a novel memory learning scheme.

In essence, the above unsupervised trackers all make the
implicit assumption that the tracked target exists in every
frame of the sequence. Unfortunately, this is not necessarily
true in KITTT [5], NuScenes [1], and Waymo [20]. There-
fore, the above methods are not directly applicable to 3D
SOT.

Mixup Data Augmentation. Data augmentation has be-
come a crucial pre-processing step for many deep learn-
ing models. Zhang et al. [31] introduced a data augmenta-
tion method called mixup, which linearly interpolates two
image samples, and Manifold mixup [22] transfers this
idea to high-dimensional feature spaces. By interpolating a
new sample, PointMixup [2] extends mixup to point clouds.
Mix3D [!4] introduces a scene-aware mixup by taking the
union of two 3D scenes and their labels after random trans-
formations. Lu et al. [13] developed a directed mixup based
on the pixel values. Additionally, a variety of region mixup
techniques have been proposed [32, 12, 21, 11]. In the case
of outdoor scenes, Xiao et al. [28] combined two images
using random rotation. CosMix[17] and structure aware
fusion [7] combine point clouds using semantic structures.
Fang et al. [3] turned a CAD into a point cloud to combat
object occlusion.

However, the above-mentioned methods are made for the

multi-class classification scenario and are not suitable for
SOT, which only contains a positive and negative sample.

3. Method
3.1. Overview

The purpose of 3D SOT is to continually locate the
target in the search area point cloud sequence P =
{P§,...,P¢,...,P|Pg € RN=*3} given the tracking ob-
ject template point cloud P¢ € RNt*3 and the 3D BBox
By € R7 in the initial frame. This can be described as

(Pyy1s Bre1) = F(Piiq, By, (D

where ﬁ,;’, ]3,;’ .1 and §k+1 are the predicted target point

cloud and 3D BBox in frame k and k + 1, respectively. By

referring to P2B [16] and its follow-ups [4, 9, 10, 18, 25,
], we summarize the typically 3D SOT loss as

L= P1 - Lo + P2 - E;m“op + p3 - ['reg + P4 - Loz, (2)

where p is the manually-tuned hyperparameter, Lc;q, Lprop,
Lreg and Ly, are the losses for foreground-background
classification, confidences for the BBox proposals, voting
offsets of the seed points, and offsets of the BBox propos-
als, respectively.

To address this task, we propose MixCycle, a novel semi-
supervised framework for 3D SOT. Illustrated in Fig. 3,
MixCycle relies on a SOTMixup data augmentation strat-
egy to tackle data sparsity and diversity (Sec. 3.2). Fur-
ther, it utilizes self and forward-backward cycle consisten-
cies as sources of supervision to cover the object appear-



ance and motion variation (Sec. 3.3). Additionally, we ap-
ply rigid transformations to ground truth (GT) labels to gen-
erate search areas in unlabeled data (Sec. 3.4).

3.2. SOTMixup

Inspired by the great success of mixup [31], we develop
SOTMixup to supply diverse training samples and deal with
the point cloud diversity problem, providing a solution for
the mixup application in binary classification in SOT task.
With two image samples (14, I5), mixup can be simply de-
scribe as creating an image

IT=Ma+(1-MNIgp, 3)

yn =Ma+1-Nys, )

where A € [0, 1] is the mixing rate, and (y4, yg) are the im-
age labels. Typically, A follows a Beta distribution (7, n).
A muti-class loss is then calculated as

Lmuti,cal =\ C(gv yA) + (1 - >\) : C(ga yB) ) (5)

where y is the predicted label, and C is the criterion (usu-
ally being the cross-entropy loss). Vanilla mixup applies
linear interpolation in aligned pixel space. However, this
operation is not suitable to unordered point clouds. Fur-
thermore, one of the key challenges for the SOT task is
to determine whether the proposal is positive or negative.
Muti-class label interpolation approach in mixup cannot be
directly applied. Specifically, given the search area PC P4
and a random PC Pp sampled in the training set, we em-
ploy mixup to generate a frontground and background label
pair (A-ya, (1—X)-yp). In practice, this label pair should
be set to (ya,0), as the points in Pz mismatch the template
and should be considered as background.

We therefore develop a point cloud mixup strategy for
SOT based on the number of points, called SOTMixup. As
shown in Fig. 4, SOTMixup generates new samples and
minimizes the gap between the generated samples and the
real sample distribution. Specifically, SOTMixup mixes a
point cloud randomly sampled from the training set and the
search area point cloud by sampling points using a mix-
ing rate, without changing the total number of points in the
search area. First, given point cloud pair (P4, Pp), corre-
sponding binary classification labels (y4, y5), and a mixing
rate \, we separate the backgrounds and object points in Py
and Pp and obtain (P4, P}, P, Pg), where P§ € RV4Ax3
and Pg € RV 5%3_ Second, we generate P}’l and PAE; by
randomly sampling A x N§ and (1 — X) x N§ points from
P4 and Pg, respectively. We then perform SOTMixup as

P} = P4 + P3 + Pg, (6)

where ‘4’ represents the concatenation operation.
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Figure 4. SOTMixup. First, the search area point cloud (PC) and
a point cloud randomly sampled from the labeled training set are
segmented into foreground and background, respectively. Second,
a mixing rate A is applied to sample two object PCs. Finally, we
concatenate the sampled object PCs and search area background
to generate the mixed search area.

Usually, we consider the distance between the predicted
object center and the ground truth to be positive if it is less
than 0.3 meters, and negative if it is greater than 0.6 meters.
The binary cross entropy loss for regression and foreground
classification in SOTMixup can be written as

Lprop,miz = 7(>\yA10g(sf)+(]—7yA)IOg(lfsf))v (7)

Lcla,miz = 7()\yA10g(b§))+(17yA)log(lfbéj))a (8)

where L,0pmiz and Lcjq_miq are the proposal confidence
loss and foreground-background classification loss, respec-
tively. s is the confidence score of proposal 7, and b? is the
predicted foreground probability of point j in search area
P*. We replace losses Ly op and Leiq With Lprop miz =
A Lprop and Lejg miz = A+ Leq. SOTMixup applies a loss
weight A to the positive proposals and foreground points,
but does not change the loss weight of the negative propos-
als and background points. We reduce the loss penalty on
the positive sample prediction scores to lessen the influence
on the appearance matching ability of the tracker. We leave
the loss weight unchanged for the negative samples. Be-
cause we intend the trackers to predict the motion offset of
the object even if the object point cloud in the search area
has dramatically changed.

3.3. Cycle Tracking

Self Tracking Cycle. In contrast with existing 2D cycle
trackers [23, 24, 36, 29], which only consider forward-
backward cycle consistency, we propose to create the self
tracking cycle. The motivation is to leverage virtually infi-
nite supervision information contained in the initial frame



itself. To this end, we first randomly sample a search area
point cloud P and object 3D BBox B, from the labeled
training set. SOTMixup is then applied to generate the
mixed point cloud

P = SOT Miazup(Ps, By, P¥, By, ), 9)

where A € [0, 1] is the mixing rate. Inspired by SC3D [6],
we apply a random rigid transformation 7 to { P}, By} and
generate pseudo labels

(P, BY) = T(PY, By, ) , (10)

where P is the search area PC generated by applying
SOTMixup and a rigid transformation on Pj and o« =
(Azx, Ay, Az, Af) is a transformation parameter with a
coordinate offset (Ax, Ay, Az) and a rotation degree Af
around the up-axis. This creates a self tracking cycle

(ﬁgtvéé):}—(Pgnt’Pg)v (11)

where BY, is the predicted result on P** and P is the ob-
ject template PC cropped from Fj. We then calculate the
self consistency loss L. s between Eé and B. Lef has
the same setting with £ of Eq. (2) while corresponding loss
with Ecal:rm'w and ‘Cprop,mi;v

In the self tracking cycle, the loss weight can be auto-
matically quantified by the mixing rate in SOTMixup. This
provides the tracker with simple training samples to make
it converge faster in the early stage of training with a high
mixing rate, and also allows us to improve the tracker’s ro-
bustness to point cloud variations using a low mixing rate.
Forward-Backward Tracking Cycle. In addition to self
tracking cycles, we also use forward-backward consistency.
Hence, we forward track the object in the given search area
sequence P, which can be written as

(Pp, By) = F(P§,PS), (12)

(Pg, By) = F(Ps, PY), (13)

where {P?, P9} and {By, By} are the predicted forward
tracking object point clouds and 3D BBoxes of P} and Fs,
respectively. Following this strategy lets us further predict
{Pg,...,P°}and{B3,...,B,}in{P§,..., P:}.

Then, we reverse the tracking sequence and perform
backward tracking while applying random rigid transforma-
tions. This can be expressed as

(P{', B}) = F(T(P{,By,a), Ps'), (14)

(Py', By) = F(T (P, By, ), PY'), (15)

where {F¢',P?, P’} and {B}, B} are the predicted
backward tracking object point clouds and 3D BBoxes.

We then measure the consistency losses ECO@ and
Leono between B and Bj, as well as between B{, and
Bp. Similarly, we can measure the consistency losses
{Leon2s -+ s Leonm—1)}- Lecon has the same setting with
L of Eq. (2).

The forward-backward tracking cycle provides real and
diverse motion consistency, leading trackers to learn the ob-
ject’s motion distribution between two neighboring frames.
Furthermore, the tracker’s robustness is increased by train-
ing with a disturbed template generated by the template up-
date strategy (Sec. 3.4).

3.4. Implementation Details

Training & Testing. We train MixCycle using the SGD op-
timizer with a batch size of 48 and an initial learning rate of
0.01 with a decay rate of 5e — 5 at each epoch. All experi-
ments are conducted using NVIDIA RTX-3090 GPUs. We
set n = 2 and only measure the self and forward-backward
cycle consistency losses Lger and Leono for Py due to the
GPU memory limit. At test time, we track the object frame
by frame in a point cloud sequence with labels in the first
frame. For both training and testing, our default setting for
the template update strategy is to merge the target in the first
frame with the predicted previous result.

Input & Data Augmentation. Our MixCycle takes three
frames f, f + 1 and f + 2 as input. For the initial frame f,
we transform the BBox and point clouds to the object coor-
dinate system. For the other frames in the tracking cycle, we
transform the BBox and point clouds to the predicted object
coordinate system in the last frame. We assume that the mo-
tion of the objects across neighboring frames is not signifi-
cant. We apply random rigid transformations to BBoxes in
labeled frames and use them to crop out search areas in the
neighboring frames. Only the area within 2 meters around
the reference object BBox is considered as input (search
area) since we are only interested in the area where the tar-
get is expected to appear. The random rigid transformation
parameter « is set to (0.3,0.3,0.0,5.0°), and the /3 distri-
bution parameter is set to n = 0.5.

Loss Function. The loss function of MixCycle is defined as
Ltizcycle = V1Lself + Y2Leono containing self tracking
cycle losses and forward-backward tracking cycle losses.
Each of our cycle losses is set according to the original
loss setting of the tracker to which we apply MixCycle.
Additionally, the corresponding losses are replaced with
Lprop.miz and Lejq miz. We empirically set ; = 1.0 and
~v2 = 2.0, as we expect the tracker to focus more on learning
the motion distribution of the object.



Table 1. Overall performance comparison between our MixCycle and the fully-supervised methods on the KITTI (left) and NuScenes
(right) datasets, where the percentage of labels used for training is shown under the dataset names. Improvements based on the same
tracker are shown in green. Bold and underline denote the best and the second-best performance, respectively.

Dataset | KITTI | NuScenes
Sampling Rate | 1% \ 5% \ 10% \ 0.1% \ 0.5% \ 1%
P2B [16] 6.1 255 343 152 23.0 243
MLVSNet [25] | 25.0 35.5 36.6 21.5 29.9 34.0

2 BAT [34] 10.1 21.6 349 17.5 26.4 30.6

g Ours(P2B) 203 1427 367 1121 438 957 | 232 791 343 1137 343 1007

@ Ours(MLVSNet) | 324 747 388 337 426 61 314 997 345 477 419 797
Ours(BAT) 197 961 422 2067 462 1137 | 244 697 328 647 344 387
P2B [16] 5.0 39.5 52.7 13.0 21.2 22.6

= MLVSNet[25] 36.3 53.2 54.7 19.5 30.4 353

g BAT [34] 12.3 353 52.7 152 25.7 30.6

E Ours(P2B) 334 28417 553 1581 642 1157 | 219 891 342 137 340 1147

£ Ours(MLVSNet) | 49.2 1297 566 347 614 677 | 3.1 1167 352 487 436 837
Ours(BAT) 270 1471 623 2701 678 1517 | 227 757 319 627 341 357

Table 2. Comparison of MixCycle against fully-supervised methods on each category. We train the models with 1%/0.1% sampling rate
on KITTI/NuScenes. Improvements and decreases based on the same tracker are shown in green and red, respectively.

Dataset | KITTI(1%) | Nuscenes(0.1%)
Category Car Pedestrian Van Cyclist Mean Car Truck Trailer Bus Mean
Frame Number 6424 6088 1248 308 14068 64159 13587 3352 2953 84051
P2B [16] 8.1 3.6 8.1 5.6 6.1 15.8 13.1 12.8 16.1 152
,  MLVSNet[25] | 353 15.2 229 12.8 25.0 21.0 252 225 135 215
§ BAT [34] 16.7 3.8 7.2 6.8 10.1 17.5 17.8 204 144 17.5
] Ours(P2B) 206 1257 228 19217 80 0.1l 166 1107 203 1421|230 721 252 1217 224 961 177 157 232 797
?  Ours(MLVSNet) | 43.8 851 20.7 557 282 537 437 3107 324 741 | 297 877 424 1737 313 891 192 571 314 997
Ours(BAT) 326 1597 6.1 237 163 927 341 2741 197 967 | 243 697 269 917 237 327 169 257 244 0697
P2B [16] 7.4 2.2 6.1 4.4 5.0 14.5 8.2 6.8 84 13.0
= MLVSNet [25] | 46.5 28.8 254 16.6 36.3 20.5 20.0 11.3 6.4 19.5
& BAT [34] 22.7 29 5.9 9.5 12.3 16.3 12.2 9.2 12.2 15.2
3 Ours(P2B) 300 2267 437 4157 6.1 0.0 1.1 677 334 2847|235 901 189 1077 112 441 140 567 219 897
& Ours(MLVSNet) | 59.2 1277 407 1191 311 571 790 6241 492 1287 |3L1 1067 386 1867 195 817 115 527 311 1167
Ours(BAT) 439 2121 93 647 192 1327 573 4781 270 1471 | 241 787 211 891 138 467 97 26l 227 .51

4. Experiments
4.1. Datasets

We evaluate our MixCycle on the challenging 3D vi-
sual tracking benchmarks of KITTI [5], NuScenes [!] and
Waymo [20] for semi-supervised 3D single object tracking.
Semi-supervision labels are generated by applying random
sampling to the training set.

The KITTI tracking dataset contains 21 training se-
quences and 29 test sequences with 8 types of objects.
Following previous works [0, 16, 34, 25], we split the
training set into training/validation/testing: Sequences 0-
16 are used for training, 17-18 for validation, and 19-20
for testing. The NuScenes dataset contains 1000 scenes
and annotations for 23 object classes with accurate 3D
BBoxes. NuScenes is officially divided into 700/150/150
scenes for training/validation/testing. Following the set-
ting in [34], we train our MixCycle on the subset “train-
ing_track” of the training set, and test it on the validation
set. Waymo includes 1150 scenes, 798/202/150 scenes
for training/validation/testing. Following the setting in [35],
we test trackers in the validation set. Compared to KITTI,
NuScenes, and Waymo include larger data volumes and

more complex scenarios.

Evaluation Metrics. In this paper, we use One Pass Eval-
uation (OPE) [27] to evaluate the Success (Succ.) and Pre-
cision (Prec.) of different methods. Success is calculated
as the overlap (Intersection Over Union, IoU) between the
proposal BBox and the ground truth (GT) BBox. Precision
represents the AUC of distance error between the centers of
two BBoxes from 0 to 2 meters.

4.2. Comparison with Fully-supervised Methods

To the best of our knowledge, no other 3D single object
trackers work in a semi-supervision fashion. Therefore, we
choose P2B [16], the multi-level voting Siamese network
(MLVSNet) [25] and the box-aware tracker (BAT) [34] to
validate our method by sharing the same network backbone.
Note that BAT is the state-of-the-art (SOTA) method in ap-
pearance matching-based trackers, and we regard it as our
upper bound. The fully-supervised methods will be trained
with labeled data, as their original approaches. We train
MixCycle in a semi-supervised way, which uses both la-
beled and unlabeled data. We do not evaluate the motion-
based tracker [35] since it requires 2 consecutive labeled
point clouds for training and is not suitable for our training



Table 3. Overall performance comparison on KITTI/NuScenes be-
tween our MixCycle with 10%/1% sampling rates and the fully-
supervised methods with 100% sampling rate.

Table 5. Comparison of MixCycle against BAT on Waymo. Mix-
Cycle(BAT) is trained only on KITTI with a 10% sampling rate;
BAT* represents BAT trained on Waymo using all the labels.

Dataset ‘ Method ‘ Success ‘ Precision

P2B(100%) [16] vs Ours(10%) | 424 vs43.8 147 | 60.0vs64.2 421
KITTI | MLVSNet(100%) [25] vs Ours(10%) | 45.7 vs42.6  3.1| | 66.6 vs61.4 52|
BAT(100%) [34] vs Ours(10%) | 512vs46.2 50| | 72.8vs67.8 5.0

Category Vehicle Pedestrian Mean
Frame Number 1057651 510533 1568184
Metrics Succ. Prec. Succ. Prec. Succ. Prec.

P2B(100%) [16] vs Ours(1%) 39.7vs343 54| | 42.2vs34.0 82|
NuScenes | MLVSNet(100%) [25] vs Ours(1%) | 45.7vs41.9 38| | 47.9vs43.6 4.3
BAT(100%) [34] vs Ours(1%) 41.8vs344 74] | 42.7vs34.1 8.6]

BAT [34] 265 282 165 311 232 201
Ours(BAT) | 31.1 335 255 464 293 377

Table 4. Comparison of MixCycle against BAT on Car in KITTI
for different sampling rates. ‘Improv.” denotes Improvement.
Sampling Rate ‘ 1% 5% 10% 30% 50% 70% 100%

. BAT[34] 167 243 440 480 487 555 605
S Ours(BAT) | 326 492 552 562 566 609 647
Z Improv. 1591 2491 1121 821 791 541 421

~ BAT[34] 227 348 573 631 653 695 717
§  Ours(BAT) | 439 621 700 70.5 703 757 779
~ Improv. 2127 2737 1271 741 507 621 027

set generation strategy. We employ different sampling rates
for the two datasets. The first reason is that we account for
the different scales of the dataset. The second season is that
the case of very limited labels is more practical in real ap-
plications, and we attempt to set the sampling rate as low as
possible within the trainable range.

Results on KITTI. 1) We evaluate our MixCycle in 4 cat-
egories (Car, Pedestrian, Van and Cyclist) and compare it
using 3 sampling rates: 1%, 5% and 10%. As shown in
Tab. 1, our method outperforms the fully-supervised ap-
proaches under all sampling rates by a large margin. This
confirms the high label efficiency of our proposed semi-
supervised framework.

The performance gap between our MixCycle and the
fully-supervised P2B becomes larger as the proportion
of labeled samples decreases. In particular, in the ex-
treme case of 1% labels usage, we achieve 14.2% and
28.4% improvement in success and precision, respectively,
demonstrating the impact of our approach on the base-
line method. Interestingly, our MixCycle based on the
SOTA fully-supervised method BAT achieves the best re-
sults ((42.2%,46.2%)/(62.3%,67.8%) in succ./prec.) with
5% and 10% sampling rates, but the MLVSNet based Mix-
Cycle takes the first place (32.4%/49.2% in succ./prec.)
with 1% sampling rate. We believe this is because the multi-
scale approach in MLVSNet effectively enhances the ro-
bustness of its feature representation. The BoxCloud pro-
posed by BAT further strengthens the reliance on labels,
leading to a degradation of BAT and MixCycle performance
at 1% sampling rate. 2) We further present the test results on
each category with 1% sampling rate in Tab. 2. We achieve
better performance in all categories, except Van on P2B.
We assume this to be caused by the less labeled, huge, and
moving fast feature of Van, which leads the tracker hard

BAT*[34] | 356 442 221 368 312 418

to predict a precise motion. The improvements on Cyclist
(31.0%/62.4% and 27.4%/47.8% in succ./prec. for P2B
and BAT, respectively) and Pedestrian (19.2%/41.5% in
succ./prec. on P2B) reveal the robustness of MixCycle to
point cloud variations. As pedestrians and cyclists are usu-
ally considered to have the largest point cloud variations
due to their small object sizes and the diversity of body
motion. 3) In Tab. 3, we compare the performance be-
tween fully-supervised methods trained with 100% labels
and MixCycle trained with 10% labels. Although our per-
formance decreases slightly on MLVSNet and BAT, MixCy-
cle still shows a remarkable result (43.8/64.2 in succ./prec.)
on P2B. With only 10% of the labels, MixCycle based on
P2B outperforms the fully-supervised method (1.4%/4.2%
improvement in succ./prec.) using 100% of the labels. This
confirms the strong ability of our approach to leverage data
information and highlights its promise for future develop-
ments. 4) We provide the comparison of MixCycle against
BAT on Car from KITTT with more sampling rates in Tab. 4.
Our Mixcycle not only achieves great improvements in low
sampling rates, but also boosts the tracker’s performance in
the fully-supervised training (4.2/0.2 in succ./prec.). 5) In
Fig. 5, we compare MixCycle with BAT trained with 10%
labels. MixCycle achieves a better performance in both ex-
tremely sparse and complex point clouds.

Results on NuScenes. Following the setting in BAT [34],
we test our MixCycle in 4 categories (Car, Truck, Trailer
and Bus). The results of P2B [16], MLVSNet [25] and
BAT [34] on NuScenes are provided by M 2_Track [35] and
BAT [34]. 1) We use the published codes of the competitors
to obtain results for each sampling rate. We compare them
on 3 sampling rates: 0.1%, 0.5% and 1%, as NuScenes
is larger than KITTI. As shown in Tab. I, MixCycle still
outperforms the fully-supervised approaches under all sam-
pling rates. 2) Observing the individual categories in Tab. 2
evidences that MixCycle yields a remarkable improvement
on Truck (17.3%/18.6% and 12.1%/10.7% in succ./prec.
on MLVSNet and P2B, respectively) and Car (8.7%/10.6%
in succ./prec. on MLVSNet). However, MixCycle drops by
2.6% in precision on Bus, which has fewer labels, a greater
size, and high velocity. 3) Moreover, in Tab. 3, we compare
the performance of MixCycle trained with 1% labels and



Car

Van

Pedestrian
o ~ 4 3;

Cyclist

I Ground Truth

Figure 5. Visualization. Car&Van: Extremely sparse cases. Pedestrian: Medium density cases. Cyclist: complex environment cases.

fully-supervised methods trained with 100% labels. Our
MixCycle based on MLV SNet surpasses the SOTA method
BAT despite using significantly fewer labels. On such a
challenging dataset with pervasive distractors and drastic
appearance changes, our method exhibits even more com-
petitive performance when using few labels.

Result on Waymo. Following the setting in [35], we test
MixCycle in Vehicle and Pedestrian. We use the BAT back-
bone, and MixCycle(BAT) is only trained on KITTI with a
10% sampling rate. As shown in Tab. 5, MixCycle(BAT)
outperforms BAT by 6.1% and 8.6% in terms of mean
‘succ.” and ‘prec.” values, respectively. More impressively,
our performance is close to the fully supervised BAT trained
on Waymo (31.2%/41.75% in succ./prec. reported in [34]).
To summarize, our MixCycle still delivers excellent results
on large-scale datasets.

4.3. Analysis Experiments

In this section, we extensively analyze MixCycle with
a series of experiments. First, we study the effectiveness
of each component in MixCycle. Second, we further an-
alyze the influence of forward-backward cycle step sizes.
Finally, we compare the various application ways of SOT-
Mixup. All the experiments are conducted on KITTI with
10% sampling rate and with BAT as the backbone network,
unless otherwise stated.
Ablation Study. We conduct experiments to analyze the ef-
fectiveness of different modules in MixCycle. First, we ver-

ify our assumption that appearance matching-based track-
ers can learn the object’s motion distribution. As shown
in Tab. 6, the cycle tracking framework yields better per-
formance when using only forward-backward cycle than
when using only self cycle (3.5%/5.4% improvement in
succ./prec.). Additionally, this supports the intuition that
real and diverse motion information is helpful to appear-
ance trackers. Furthermore, combining them boosts the re-
sults. Note that the random rigid transformation is neces-
sary for self cycle, otherwise the GT BBox will always be
fixed at the origin of the coordinate system. Second, we
evaluate the effectiveness of random rigid transformation
and SOTMixup in the framework. The performance grows
significantly after applying SOTMixup (5.1%/6% improve-
ment in succ./prec.), demonstrating the importance of SOT-
Mixup in semi-supervised tasks. Random rigid transforma-
tion plays a negative role in the cycle tracking framework
but is practical in MixCycle. We conjecture this to be due to
the missing target in the search area caused by random rigid
transformation. This phenomenon may occur when the tar-
get moves rapidly and the model makes wrong predictions.
Applying SOTMixup to the cycle tracking framework can
significantly improve the model’s tracking capabilities and
address this issue.

Flexibility of MixCycle. We further explore the effect of
forward-backward tacking cycle step size. As shown in
Tab. 7, we conduct experiments with 2 and 3 step cycles,
respectively. Compared to the 2 step cycle, 3 step cycle



Table 6. Results of MixCycle when different modules are ablated.
‘Self’, ‘F.-B. Cycle’ and ‘Trans.” stand for self cycle, forward-
backward cycle and random rigid transformation in the forward-
backward cycle, respectively.

Self F.-B.Cycle Trans. SOTMixup ‘

Success Precision

v 349 11.3] 527 15.1)

v 384 78] 58.1 9.7]
v v 395 6.7] 59.2 8.6]
v v v 388 7.4] 59.3 8.5
v v v 446 1.6] 652 26|
v v v v 46.2 67.8

Table 7. Analysis of the forward-backward cycle step size.

Success  Precision
2 Steps 45.8 66.6
3 Steps 46.2 67.8
Improvement 0.47 1.27

Table 8. Results of SOTMixup with different settings. ‘Template’
and ‘Search Area’ indicate we apply SOTMixup with different in-
puts. ‘Self’ indicates we apply SOTMixup in the self cycle. ‘Back-
ward’ means we apply SOTMixup in backward tracking P;’ to Py .

Self Backward Template Search Area ‘ Success Precision
v v 447 1.5] 647 3.1
v v v 454 0.8 676 02|
v v 423 39/ 63 48]
v v v 445 1.7] 66.1 1.7]
v v 46.2 67.8

achieves a better performance in both success and preci-
sion. This experiment demonstrates the potential of Mix-
Cycle for further growth in step size. We believe that larger
step sizes can provide a template point cloud disturbed in
long sequence tracking, leading to improved model robust-
ness. Furthermore, according to [24], a larger step size more
effectively penalizes inaccurate localization.

Influence of SOTMixup. In Tab. 8, we compare SOT-
Mixup with different settings. First, we analyze the effect
of applying SOTMixup to different inputs (Template and
Search Area) while only using it in self cycle. The perfor-
mance drops when we apply it to the template and to both
the template and search area. We consider this to be due
to the mismatch with real tracking. As the template is usu-
ally accurate while the search area point cloud varies sig-
nificantly. Note that we share the same A when taking SOT-
Mixup in both the template and search area, and set A = 1
in the SOTMixup loss. Second, we explore various ways
of exploiting SOTMixup in MixCycle. SOTMixup leads
to performance degradation when we apply it to backward
tracking. This is caused by the disturbance of the template
point cloud in backward tracking, making the loss weights
misaligned. This further proves that the loss weights pro-
vided by SOTMixup are reliable.

5. Conclusion

In this paper, we have presented the first semi-supervised
framework, MixCycle, for 3D SOT. Its three main compo-
nents, self tracking cycle, forward-backward tracking cy-
cle and SOTMixup, have been proposed to achieve robust-
ness to point cloud variations and percept object’s motion
distribution. Our experiments have demonstrated that Mix-
Cycle yields high label efficiency and outperforming fully-
supervised approaches using scarce labels.

In the future, we plan to develop a more robust tracking

network backbone for MixCycle, and thus further enhance
its 3D SOT performance.
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the National Natural Science Foundation of China (No.
62176242 and 62002295), and NWPU international co-
operation and exchange promotion projects (No. 02100-
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A. Implementation Details

Framework Architecture. The overall pipeline with the
grad flow of MixCycle is shown in Fig. 6. Due to the limita-
tion of non maximum suppression (NMS) on gradient back-
propagation, we only calculate the gradients of the directly
supervised parts.

SOTMixup. Given the mix point cloud P§* = P4 + P:Z +
PAE and Bounding-box B4 in label y4 at the SOTMixup,
we only regard the points in B4 as the foreground points.
Specifically, the points in P}g, are considered as background
noise if they are outside the B 4. We believe that modify-
ing the size of the tracking target is incompatible with real
tracking.

B. More Analysis

Training & Inference Time. We compare MixCycle
and fully-supervised methods [16, 25, 34] in training time
shown in Tab. 9. They are trained on Car in KITTI with
10% labels using 2 NVIDIA RTX-3090 GPUs. Our Mix-
Cycle takes around 2.0 ~ 2.5 times as long as the fully-
supervised methods. The experiments reveal that MixCycle
requires a longer training time, but it is still in an acceptable
range. Hence, we could expect a faster and more robust
tracking network backbone for MixCycle.

Table 9. Training time comparison of MixCycle and fully-
supervised methods on Car in KITTI with 10% labels using 2
NVIDIA RTX-3090 GPUs. Decreases based on the same tracker
is shown in red.

Method ‘ Time
P2B [16] 1h22m
MLVSNet [25] 1h47m

BAT [34] 1h22m
Ours(P2B) 3h35m 2h13m]
Ours(MLVSNet) | 3h32m  1h45m|
Ours(BAT) 3h40m 2h18m]

Frame Number of Cycle Tracking and Unlabeled Data
Losses Balance. 1) Because of the limited memory of
an NVIDIA RTX-3090 GPU, only a maximum of 2 cycle
consistencies among 3 frames can be supervised. There-
fore, we only present the losses for the self-supervised part.
2) For the one without labels part, we have made exper-
iments to balance those losses. We try to supervise dif-
ferent consistencies in a two-stage training by supervising
Lgeryr and Leono in stage 1, and Lerr and Loy in stage 2,
based on BAT with a 10% sampling rate on KITTI. Without
SOTMixup, the cycle framework achieves 38.8/59.3 and
41.0/60.6 in Succ./Prec. in stage 1 & 2, respectively. The
performance drops in stage 2 if we use SOTMixup. We con-
jecture this to be due to conflicts between the delicate losses
set by SOTMixup in Self Cycle and the ambiguous losses in

FE.B. Cycle. We leave the design of a better training strategy
for MixCycle as future work.

Fairness of Comparison with Fully-supervised Method.
Here we discuss fairness in the comparison experiments.
The fully supervised method solely relies on labeled data,
whereas our method utilizes both labeled and unlabeled
data. 1) The intention of our work is to reduce the effort in
data annotation. While reducing the cost of collecting data
is also important, we constitute a different research task on
its own. 2) We refer to a semi-supervised 3D object detec-
tion method SESS’s [33] experimental setting for compar-
ison experiments. SESS directly reduces the usage of data
of fully supervised methods for comparison experiments be-
cause no other method shares the same semi-supervised set-
tings with it, which is very similar to our situation. 3) We
present the performance comparison using the same amount
of data but with different label usage in the Tab. 3 and Tab. 4
of the paper.

Further Details. We further demonstrate the test result
on each category and sample rate on KITTI and Nuscenes
shown in Tab. 10 and Tab. 11. We achieve great success
on Cyclist. The maximum improvement on the Cyclist
class is up to 44.77% /75.83% in success/precision based
on P2B [16] with 10% labels. For the most important class
Car in KITTI and NuScenes, MixCycle also achieves a re-
markable improvement in every sample rate.

C. Visualization

SOTMixup. Our MixCycle leverages SOTMixup to supply
diverse training samples. As shown in Fig. 7, we present
SOTMixup in a variety of categories. Our SOTMixup com-
pletes the point cloud of the occluded area in the Van in
Fig. 7, making the training samples more diverse. In the
Car in Fig. 7, SOTMixup almost removes the point cloud of
the source object, allowing the trackers to regress the correct
target center by learning the distribution of object motion in
extreme cases.

KITTI Results. We present the visualization results of the
comparison between Our MixCycle and BAT [34] with 10%
sample rate in Fig. 8. The visualization results further vali-
date the superiority of our approach in sparse and complex
scenarios.
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Table 10. Comparsion of MixCycle against fully-supervised methods on each category in KITTI. Improvements and decreases based on the
same tracker are shown in green and red, respectively. Bold and underline denote the best and the second-best performance, respectively.

Category Car Pedestrian Van Cyclist Mean
Frame Number 6424 6088 1248 308 14068

P2B [16] 8.11 3.61 8.10 5.60 6.11
MLVSNet [25] | 35.27 15.15 22.94 12.76 24.98

BAT [34] 16.69 3.81 7.17 6.77 10.05

1% Ours(P2B) 20.56 12457 2276  19.157 797 0.13]  16.62 11.027 20.31 14.207
Ours(MLVSNet) | 43.75 8487 20.68 5537 2822 5287 43.73 309717 3239 7417
Ours(BAT) 32.63 159417  6.08 2271 1633 9.61  34.12  27.357 1973 9.677

P2B [16] 33.99 20.31 12.10 5.73 25.51

MLVSNet [25] | 43.50 28.09 35.06 19.77 35.55

2 BAT [34] 24.30 21.00 13.17 13.25 21.62
g % Ours(P2B) 4413 10.147 3101 10701 26.15 14.057 36,77 31.047 3670 11.191
2 Ours(MLVSNet) | 52.44 8947 24.04 405 3873 3.67] 4654 26777 38.80 3.261
Ours(BAT) 4924 24947 37.63 16631 2608 12917 5008 36.837 4218 20.561

P2B [16] 41.94 30.63 19.61 7.37 3431

MLVSNet [25] | 48.21 24.76 37.90 24.89 36.64

BAT [34] 43.96 28.84 18.12 35.84 34.95
10% Ours(P2B) 4582 3881 41.59 10967 4259 22981 52.14 44771 4384 9.531
Ours(MLVSNet) | 54.08 5877 3039 5637 4129 3391 4995 25067 42.60 5.971
Ours(BAT) 55.19 11237 38.62 9781 3492 168 5552 19.68] 4623 11.28]

P2B [16] 7.39 2.24 6.07 4.42 4.98

MLVSNet [25] | 46.54 28.80 25.41 16.62 36.33

BAT [34] 22.66 2.92 5.94 9.54 12.35
1% Ours(P2B) 2997 22581 4373 41491 608 0017 11.12 6707 3339 28417
Ours(MLVSNet) | 59.24 1277  40.72 11921 31.08 5677 79.03 62417 49.16 12.831
Ours(BAT) 4387 21217 932 6407 1918 13241 5731 47771 27.02  14.671

P2B [16] 45.99 40.26 10.82 5.43 39.50

; MLVSNet [25] | 57.53 52.07 4230 28.77 53.19

S BAT [34] 34.81 40.35 15.55 25.52 35.30
5 % Ours(P2B) 56.94 10957 58.04 17.781 3092 20.17 6733 61907 5534 15831
& Ours(MLVSNet) | 66.61  9.087 47.15 4.92| 4526 2961 81.06 52291 56.61 3.427

Ours(BAT) 62.07 27.267 68.05 27707 30.81 15267 82.63 57.117 6233 27.047

P2B [16] 56.11 57.70 21.73 7.35 52.68
MLVSNet [25] 63.63 48.31 44.65 35.08 54.69
BAT [34] 57.25 56.08 21.48 19.69 52.75

10% Ours(P2B) 5830 2.197 7205 14357 51.83 30.17 83.18 75.837 64.22 11.547
Ours(MLVSNet) | 67.36 3.737 5628 7.971 50.01 5367 8252 47447 6136 6.671
Ours(BAT) 7002 12777 69.83 13751 4228 20.8] 8537 65.687 67.81 15.06]




Table 11. Comparsion of MixCycle against fully-supervised methods on each category in NuScenes.

Category Car Truck Trailer Bus Mean
Frame Number 64159 13587 3352 2953 84051

P2B [16] 15.77 13.09 12.81 16.12 15.23

MLVSNet [25] | 20.99 25.16 22.46 13.53 21.46

BAT [34] 17.46 17.75 20.43 14.42 17.52
0.1% Ours(P2B) 23.01 7.247 2522 12137 2237 9567 17.65 1531 23.15 7.921
Ours(MLVSNet) | 29.67 8.687 4243 17277 3134 8887 19.22 5697 3143 9971
Ours(BAT) 2432 6867 2688 9.137 23.66 3231 1692 2507 2445 6937

P2B [16] 24.42 19.21 20.30 12.38 22.99

MLVSNet [25] | 29.82 32.25 27.40 22.74 29.87

2 BAT [34] 27.71 22.85 25.48 15.44 26.40
g 05% Ours(P2B) 36.85 12431 2823 9.027 21.75 1457 2114 8761 3430 11317
@ Ours(MLVSNet) | 3149  1.671 46.75 14501 4849 21.097 2847 5737 3453 4667
Ours(BAT) 3220 4491 3822 15371 31.04 5567 21.82 6387 3276 6367

P2B[16] 23.95 27.83 25.84 14.57 24.32

MLVSNet [25] | 33.23 39.08 39.62 22.23 34.04

BAT [34] 30.66 32.73 32.83 17.81 30.63
1% Ours(P2B) 34.80 10.857 3524 7417 3040 4567 2261 8047 3343  9.107
Ours(MLVSNet) | 40.61  7.387 4543 6357 58.09 18477 3538 13.157 4190 7.867
Ours(BAT) 3372 3.067 3729 4561 4555 12721 2426 6457 3444 3811

P2B [16] 14.52 8.20 6.82 8.41 12.98

MLVSNet [25] | 20.45 19.97 11.31 6.35 19.51

BAT [34] 16.31 12.16 9.19 12.22 15.21
0.1% Ours(P2B) 2348 8967 18.88 10.687 1120 4387 13.99 5587 2191  8.947]
Ours(MLVSNet) | 31.05 10607 3857 18.607 1945 8.147 11,53 5.187 3112 11.607
Ours(BAT) 2410 77917 21.07 8917 1381 4621 967 255 22.69 7.487

P2B [16] 24.28 12.32 11.08 6.98 21.21

- MLVSNet [25] | 32.73 26.71 14.91 1535 30.44

S BAT [34] 28.69 18.06 15.09 8.89 25.73
5 05% Ours(P2B) 39.22 14941 2079 8471 11.19  0.117 1327 6297 3421 13.007
& Ours(MLVSNet) | 34.17 1441 4278 16077 3871 2387 19.59 4241 3523 4807
Ours(BAT) 3335  4.667 3221 14157 18.62 3.537 1449 5607 31.92  6.187

P2B[16] 23.70 22.86 14.11 7.51 22.61

MLVSNet [25] | 36.76 33.91 29.60 15.41 35.26

BAT [34] 32.47 28.36 20.42 11.19 30.58
1% Ours(P2B) 36,72 13.027  29.15 6291 18.17 4.067 1478 7277 3399  11.381
Ours(MLVSNet) | 45.07 8317 40.17 6261 4628 16687 2501 9607 43.62 8367
Ours(BAT) 3529 2827 3230 3.941 32.63 12217 17.15 5967 34.06  3.491
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