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Abstract

Test-time adaptation methods have been gaining atten-
tion recently as a practical solution for addressing source-
to-target domain gaps by gradually updating the model
without requiring labels on the target data. In this paper, we
propose a method of test-time adaptation for category-level
object pose estimation called TTA-COPE. We design a pose
ensemble approach with a self-training loss using pose-
aware confidence. Unlike previous unsupervised domain
adaptation methods for category-level object pose estima-
tion, our approach processes the test data in a sequential,
online manner, and it does not require access to the source
domain at runtime. Extensive experimental results demon-
strate that the proposed pose ensemble and the self-training
loss improve category-level object pose performance dur-
ing test time under both semi-supervised and unsupervised
settings. Project page: https://taeyeop.com/ttacope

1. Introduction

Object pose estimation is a crucial problem in com-
puter vision and robotics. Advanced methods that fo-
cus on diverse variations of object 6D pose estimation
have been introduced, such as known 3D objects (instance-
level) [28, 38], category-level [18, 30, 43], few-shot [52],
and zero-shot pose estimation [13,47]. These techniques
are useful for downstream applications requiring an on-
line operation, such as robotic manipulation [6,25,48] and
augmented reality [23, 24, 32]. Our paper focuses on the
category-level object pose estimation problem since it is
more broadly applicable than the instance-level problem.

Many works on category-level object pose estimation [2,
3,17, 18, 36,43, 44] have been proposed recently. These
approaches estimate multiple classes of object pose more
efficiently in a single network compared to the instance-
level object pose estimation methods [27, 38, 41, 49-51],
which depend on known 3D shape knowledge and the size
of the objects. Notably, Wang er al. [43] introduced a
novel representation called Normalized Object Coordinate
Space (NOCS) to align various object instances within each
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Figure 1. We propose a Test-Time Adaptation for Category-level
Object Pose Estimation framework (TTA-COPE) that automati-
cally improves the network in an online manner without labeled
target data. As new image frames are processed, our method fine-
tunes the network using the unlabeled data and simultaneously ap-
plies the network to perform pose estimation via inference. This
approach successfully handles domain shifts compared with no
adaptation, as seen here.

category in a canonical 3D space. The strengths of the
NOCS representation have led to its adoption by follow-up
work [3,17,36].

In order to obtain accurate category-level object pose
methods in unseen real-world scenarios, it is desirable to
fine-tune the models in the new environment with labeled
target data. The model that is not fine-tuned on the tar-
get domain distribution will almost certainly exhibit lower
performance than the fine-tuned model [37]. However, an-
notating 6D poses of objects in the target environment is
an expensive process [1,39,43,45] that we seek to avoid.
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Table 1. Comparison with prior unsupervised works for
category-level object pose estimation. Our unsupervised method
trains models without 2D or 3D labels of target data, similar to
Self-DPDN [16]. Unlike previous methods, our proposed ap-
proach updates the model online without offline batch processing.
Moreover, we do not use the source data during test time (source-
free) because it is impractical to train on a large amount of source
data every iteration. There also may be privacy or legal constraints
to access source data [21].

Unsupervised Test-time Adaptation

Method Target 3D Target 2D Source-Free Online

Adaptation
Supervised X X X X
SSC-6D [29] v X X X
RePoNet [5] v X X X
UDA-COPE [15] v X v X
Self-DPDN [16] v v X X
Ours v v v v

Compared to annotating in 2D space, labeling in 3D space
requires specific knowledge about geometry [7] from the
annotator and is much more laborious, time-consuming,
and error-prone due to the complex nature of SFE(3) space.
Therefore, it is usually challenging to annotate real-world
data with 3D annotations for fine-tuning.

In order to solve the aforementioned problem of anno-
tating object pose data in the real world, several recent
methods [5, 15, 16] propose unsupervised domain adapta-
tion (UDA) that aims to train the network without utilizing
the ground truth of target pose labels. Although they show
promising results using UDA techniques, these approaches
still do not meet some of the requirements for online ap-
plications. For example, when a robot encounters a new
environment, it is desirable to adapt the scene online man-
ner while estimating object poses rather than waiting for
enough data to be collected in the novel scene to train the
model offline.

This problem definition of online fine-tuning is more
practical for real applications, where we desire to update
the model instantly when new data becomes available for
fast domain adaptation. This setting is known as test-time
adaptation (TTA) [42]. For TTA, the requirements are as
follows: 1) labeled source data should not be accessed at
test time, 2) adaptation should be online (rather than of-
fline batch processing), and 3) the method should be fully
unsupervised, without using 2D or 3D target labels during
online fine-tuning. Since we do not have access to labeled
source data (source-free) at test time this problem is more
challenging than existing unsupervised category-level ob-
ject pose methods [5,15,16,29]. Table 1 summarizes the dif-
ference between our problem definition and existing meth-
ods, showing that test-time adaptation for category-level ob-
ject pose estimation remains an open problem.

In this paper, we propose Test-time Adaptation for
Category-level Object Pose Estimation (TTA-COPE) to

handle domain shifts without any target domain annota-
tions (see Fig. 1). Prior works on general test-time adapta-
tion [42,46] propose self-training to minimize entropy loss.
TENT [42] has shown improvement in 2D classification and
segmentation tasks. We show, however, that simply extend-
ing TENT for the category-level object pose estimation is
not effective. Another self-training strategy is the teacher-
student framework [35] with pseudo labels. However, since
pseudo labels are created without any noise filtering, naive
pseudo labels may be unreliable and cause convergence to
a suboptimal model.

To tackle this problem, we design a novel pose ensemble
method to perform test-time adaptation for category-level
object pose estimation by extending the pose-aware filter-
ing of UDA-COPE [15]. The proposed method uses an en-
semble of teacher-student predictions based on pose-aware
confidence, which is used both for generating pseudo labels
and inference. Also, the pose ensemble helps to train mod-
els with additional self-training loss to reduce the domain
shift for category-level pose estimation by using pose-aware
confidence. We demonstrate the advantages of our proposed
pose ensemble and self-training loss with extensive stud-
ies in both semi-supervised and unsupervised settings. We
show that our TTA-COPE framework achieves state-of-the-
art performance compared to strong TTA baselines.

In summary, the main contributions of our work are as
follows:

* We propose Test-Time Adaptation for Category-level
Object Pose Estimation (TTA-COPE), which handles
domain shifts without labeling target data and without
accessing source data during test time.

* We introduce a pose ensemble with self-training loss
that utilizes the teacher-student predictions to generate
robust pseudo labels and estimates accurate poses for
inference.

* We evaluate our framework with experimental com-
parisons against strong test-time baselines and state-
of-the-art methods under both semi-supervised and un-
supervised settings.

2. Related Works
2.1. Supervised Methods

Fully supervised learning methods for category-level ob-
ject pose estimation [2,3,17,36,43,44] train their models us-
ing labeled source data (e.g., synthetic) and target data (e.g.,
real). Most category-level 6D object pose and size estima-
tion approaches [3, 14,36,43,44] use the dense correspon-
dence via Normalized Object Coordinate Space (NOCS)
representation as a common way to estimate pose and size.
These correspondence-based methods initially estimate the
NOCS map from RGB or depth images. Afterwards, the
Umeyama algorithm [40] with RANSAC is used to estimate



optimal poses and object sizes by minimizing distances be-
tween depth and estimated NOCS map.

Some methods use category priors [3,30,44] as the repre-
sentative 3D shape per class, jointly reconstructing the full
3D shape and estimating the NOCS map from the full shape.
Results show that this prior category helps improve the ac-
curacy of the NOCS map and enhance the pose estimation
performance. Other methods directly regress the pose or
jointly utilize the correspondence representations [2,11,17].

2.2. Unsupervised Methods

Given that annotating the 6D object pose and 3D size la-
bels in the real world is expensive, time-consuming, and
laborious, RePoNet [5] and SSC-6D [29] propose semi-
supervised approaches that reconstruct the entire shape
and use differential rendering [19, 20] techniques for self-
training signals. These are category-specific methods and
utilize multiple models, as many models as the number of
categories is required. UDA-COPE [15] proposes an un-
supervised domain adaptation method to mitigate the do-
main shift from the source to the target domain with a single
model to estimate all categories efficiently.

Although these works show reasonable performance
without using pose labels, there is still a limitation in relying
on 2D ground truth information (segmentation or bounding
boxes) to train the segmentation network or pose network.
Self-DPDN [16] shows a fully unsupervised method using
inter/intra-consistency as a reconstructed shape in a self-
supervised objective but requires a supervised loss for the
source domain in the unsupervised learning process. Addi-
tionally, the self-training loss utilizes a full 3D shape and
requires an additional reconstruction module for 3D shape.
Most methods, except for UDA-COPE [15], jointly use the
supervised loss using source label data during unsupervised
learning to relax the unstable training. Furthermore, all
the aforementioned unsupervised methods train their model
in an offline manner and are unsuitable for online applica-
tions [24,25].

2.3. Test-time Adaptation Methods

Test-Time Adaptation (TTA) aims to enable the online
adaptation of a pretrained model to the target domain with-
out access to the source domain (source-free) [26,34,42,46].
The source data is commonly inaccessible during inference
time because it is inefficient to train on a huge amount of
source data every iteration. There may also be privacy or
legal constraints to accessing source data [21], thus TTA is
a more difficult but practical task than UDA. From the point
of view of real-world applications, it is necessary to adapt
to the new scene in an online way. Accordingly, test-time
adaptation is necessary for the success of practical, real-
world computer vision applications. Wang et al. propose
Test entropy minimization (TENT) [42], which trains a net-

work using a labeled source dataset, and adapts it to the un-
labeled target dataset by updating the network parameters in
batch norm layers using entropy loss. CoTTA [46] proposes
a continual test-time adaptation method on the 2D classifi-
cation and semantic segmentation tasks, and it effectively
reduces the error accumulations while continually changing
target data. Not limited to the 2D tasks, test-time adapta-
tion methods have been applied to other tasks such as 3D
segmentation [3 1, 33] and robot manipulation [22].

3. TTA-COPE

Given an RGB-D image, our approach aims to estimate
the 6D pose T' € SE(3) and size s € R? of each object.
The object pose T is defined as the rigid transformation
[R | t], with rotation R € SO(3) and translation ¢ € R?.

Our method consists of a two-stage learning scheme us-
ing source and target data, respectively. In the first stage,
we train the network using labeled (synthetic) source data
in a supervised manner (Sec. 3.1). This step is the same
as supervised methods and results in a pretrained model.
We then utilize this pretrained model for test-time adapta-
tion (TTA) using unlabeled target data without accessing the
source data. To the best of our knowledge, we are the first to
propose test-time adaptation for category-level object pose
estimation. Therefore, we study and explore how TTA base-
lines (Sec. 3.2) might apply to category-level object pose
estimation. Finally, our proposed method is presented and
explained (Sec. 3.3).

3.1. Pretraining with Source Data

In this section, we introduce an overview of our model
and then describe how to train the model using labeled
source data. We use UDA-COPE [15] network as a base
model, which we supplement with batch normalization
(BN) [10] in the 2D network to utilize BN updates for test-
time adaptation. Fig. 2 shows an overview of our network,
consisting of three steps to estimate the pose similar to cor-
respondence methods [3, 16,36]. First, we detect the bound-
ing area of the object and segment the object surface using
the off-the-shelf segmentation model from a single RGB
image [8]. In the second stage, given a cropped 2D ob-
ject image I and segmented 3D object point cloud D, our
model estimates the correspondence as a NOCS map IN. We
leverage the NOCS representation [43] to align diverse ob-
ject instances within each class in a unified 3D space. In the
final stage, our proposed pose ensemble method estimates
the object pose 7. It simultaneously utilizes the predictions
of the student and teacher model by calculating the pose
confidence using the number of filtered points.

The network is pretrained in a fully supervised manner
using labeled source data. We minimize the predictions of
the NOCS map N using the cross-entropy loss Log with
ground truth labels N7 We also use the consistency loss
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Figure 2. Overview of our Test-Time Adaptation for Category-level Object Pose Estimation (TTA-COPE) framework. Our method
consists of three steps to estimate category-level object pose, similar to correspondence methods. 1) We detect and segment the object
region using an off-the-shelf segmentation model from a single RGB image. 2) Given a cropped 2D object image I and segmented 3D
object point cloud D, our model estimates the correspondence points as a NOCS map N. 3) Our proposed pose ensemble estimates the
object pose T'. It simultaneously utilizes the predictions of the student #° and teacher model 87 by calculating the pose-aware confidence
using the number of inlier points. We operate point filtering for each student and teacher model and select a confident pose 1" with higher
confidence (i.e., more inlier points) for which the pose estimation is more accurate.

L¢ with 2D and 3D augmentation to make the network ro-
bust to noise in the input [15]. The supervised loss is for-
mulated as:

Lsup = A\ceLop(N, NT) + A\c Lo(Naug, N), (1)

where Ng,4 is the estimated NOCS map from augmented
2D or 3D input, and A¢cg, A\c € R are weights.

3.2. Test-time Adaptation with Target Data

The model is updated every iteration while simultane-
ously estimating the object pose of the current scene. (Note
that this is different from previous methods that update the
model by running multiple epochs over the target data [16].)

We have a design choice for the objective loss when up-
dating the model during test time. One of the widely used
test-time objective losses is the entropy loss proposed by
TENT [42],

Lent = _Zp(xt) Ing(xt)7 (2)

where p(z;) is the probability of predictions 6°(z;) from
target data x;. This simple objective loss encourages sharp
distributions by assigning the most probability.

Another common approach is utilizing pseudo labels
from a teacher-student framework [35] with momentum up-
date. The teacher model 7 generates pseudo ground truth
§ = 07 (xy), where 2; = (I, D). The student model §°
then uses the predictions of the teacher as the ground truth
signals (pseudo labels) with cross-entropy loss,

Ly = Log(0°(x4), ). 3)

After updating the student model 67 — 6, | by minimizing
Eq. (3), the teacher model HiTH is updated by momentum
update,

Ofir 07 + (1 =707, @)

where ¢ stands for the time stamp of the iteration and - is the
momentum smoothing factor. The separation of the model
structure mitigates some error accumulation by the pseudo
label and momentum update.

Although these objective strategies from previous work
potentially provide self-training signals for test-time adap-
tation, they become brittle when directly applied to a
category-level object pose estimation task. The pseudo la-
bels ¢ are still inherently exposed to noisy inputs and pre-
dictions, leading to errors in the student model 0°. Since
67 cannot guarantee clean pseudo labels for the student, we
need the ability to filter noise in the input or predictions and
to yield more reliable pseudo labels to the 6.

3.3. Pose Ensemble

To solve this problem, we propose to extend the pseudo-
label filtering proposed by UDA-COPE [15] with pose en-
semble processing. We observe that the UDA-COPE frame-
work and pose filtering, while showing notable results, is
inefficient for two reasons. First, the teacher model is only
used for generating pseudo labels and not for inference.
Second, the student model is also only used for inference
and has less influence in generating pseudo labels.

We propose instead to jointly utilize the teacher and stu-
dent models for both generating pseudo labels and for infer-



ence, which we show in the experimental results produces
a noticeable improvement. To this end, we design a pose
ensemble module to simultaneously use teacher and student
model predictions. Fig. 2 shows an overview of the pose
ensemble with point filtering.

The point filtering has three steps. Unlike UDA-
COPE [15], we repeat these steps for both the student and
teacher: 1) We initially estimate 7° using the Umeyama
algorithm 6,, within the region of object points D and es-
timated NOCS map N°. 2) We transform observed depth
to normalized object coordinate space D by multiplying
(T°)~" and D. 3) We compute each matching point dis-
tance between N° and 13, removing outliers that exceed a
certain threshold p. This whole process of point-filtering is
then repeated using N7 to estimate 7’7", This process is rep-
resented as follows, where N7 is either N° or N7, and
similarly for 77"

TS,T — QP(D,NS,T)’

ﬁS,T — (TS,T)_lD

ST inlier
€; = .
outlier

. NS, T S, T .
if | D57 — NST| < p, Vg

otherwise.

®)

where j = 1,...,X,and X = |D| = | D|.

Our proposed pose ensemble aims to fuse two pre-
dictions (N°,NT) to estimate the optimal pose. Al-
though this fusion could be conducted at the input level
before obtaining the 7" from 6,, we found that our pro-
posal of fusing at the output level after getting I" produces
slightly better results (see the ablation study, Sec. 4.5).
We first estimate each pose (7", 77) from each prediction
(N®,NT) using 6,. We then calculate the number of inliers
(inliers®,inliers”) from each pose using Eq. (5) to eval-
uate the confidence of the pose. We assume that the higher
this confidence (i.e., the more inliers) is, the more accurate
the pose estimation will be. Therefore:

{TS if inliers® > inliersT,
Tout = T . (6)
T otherwise.
We found that this simple pose-aware ensemble method is
more effective for generating high-quality pseudo labels and
inference than other ensemble methods (Sec. 4.5).

Another crucial part of our method is a self-training loss.

The total loss that we use to update the student network

combines this self-training L, loss and the pseudo label loss
Lpli

Lita = XaLaq + Api Ly @)

The first term is self-training loss L4, which helps learn the
distribution of the target domain and reduce the domain gap

through T, which is obtained from the pose ensemble and
observed D. This loss is given by:

Lq = Lep(NZ, Enc(D.)), ®)

where N? is the inlier-only student NOCS map, ﬁe is
the resulting inliner-only transformed depth point cloud in
NOCS space, and Enc(-) is the one-hot encoding to enable
cross-entropy loss.

The second term

Ly = Lep(NS NT) )

is the pseudo label loss from UDA-COPE [15], where NI
is the inlier-only teacher NOCS map. Since N° = 6°(x;),
and § = 07 (x,), Ly in Eq. (9) is the same as the loss in
Eq. (3), except that here only inliers are considered.

4. Experiments
4.1. Dataset

We utilize two widely used category-level pose esti-
mation datasets as the source and target domain, respec-
tively. The source data is the Context-Aware MixEd Re-
Ality (CAMERA) dataset [43], generated by rendering and
compositing synthetic objects into real scenes while con-
sidering the context. CAMERA consists of 275K RGB-D
images as a training set with 1,085 object instances cho-
sen from six categories: bottle, bowl, camera, can, laptop
and mug. We use the REAL dataset [43] as the target do-
main. The target data consists of 4,300 real-world images
of seven scenes for training and 2,750 real-world images of
six scenes for evaluation. We refer to REAL evaluation set
as REAL275. Our TTA methods do not use the target train-
ing set (4,300 images with seven scenes) and only use the
evaluation set (2,750 images with six scenes, REAL275) for
test-time adaptation, e.g., TENT [42] process evaluation set
in a sequential, online manner. On the other hand, unsu-
pervised methods such as [5, 16,29] use the target training
set for updating the models without any restrictions on how
much and how long they use the information.

4.2. Implementation Details

Object Segmentation. We use Mask R-CNN [&] to ob-
tain the object area in 2D image. We use the identical re-
sults of Mask R-CNN for a fair comparison with previous
methods [3, 17, 36] for semi-supervised and unsupervised
settings. For the semi-supervised setting, Mask R-CNN has
trained on the source, and target domain supervised man-
ner. For the unsupervised setting, Mask R-CNN is trained
on only the source domain. The detected area of the im-
age resizes to 192 x 192 image resolution as the teacher or
student model input.



Table 2. Quantitative comparisons with state-of-the-art methods on the REAL27S dataset.

Method Supervised Unsupervised mAP (1)
Source Target Target Online IoUsy IoUys 5°2cm  5°5cm 10°2cm 10°5cm
Source (Supervised)
Metric Scale [14] 2D/3D 54.6 8.4 2.2 54 10.1 25.0
SPD [36] 2D/3D 50.5 17.0 11.5 12.1 33.0 37.9
Source (Supervised) & Target (Supervised)
NOCS [43] 2D/3D 2D/3D 472 9.4 7.2 10.0 13.8 25.2
SPD [36] 2D/3D  2D/3D 68.5 27.0 19.5 21.6 43.5 54.0
DualPoseNet [17]  2D/3D  2D/3D — 30.8 29.3 35.9 50.0 66.8
CR-Net [44] 2D/3D  2D/3D — 33.2 27.8 34.3 472 60.8
SGPA [3] 2D/3D 2D/3D — 37.1 35.9 39.6 61.3 70.7
Source (Supervised) & Target (Semi-Supervised)
SSC-6D [29] 2D/3D 2D 3D X 73.0 — 16.8 19.6 44.1 54.5
RePoNet [5] 2D/3D 2D 3D X 76.0 — 30.7 339 — 63.0
UDA-COPE [15] 2D/3D 2D 3D X 75.5 344 30.5 349 57.0 66.1
Self-DPDN [16] 2D/3D 2D 3D X 75.2 41.6 39.5 45.0 63.3 72.2
TTA-COPE (Ours) 2D/3D 2D 3D v 78.7 43.5 33.3 38.1 64.3 75.1
Source (Supervised) & Target (Unsupervised)
Self-DPDN [16] 2D/3D 2D/3D X 67.2 43.9 39.0 46.7 61.8 73.4
TTA-COPE (Ours) 2D/3D 2D/3D v 69.1 39.7 30.2 35.9 61.7 73.2
Student and Teacher. The student and teacher models Table 3. Quantitative comparisons with TTA baselines for

have identical design in 2D and 3D branches from UDA-
COPE [15]. We utilize the PSPNet [53] with ResNet34 [9]
backbone for the 2D image feature extraction. For a 3D
branch, we use the MinkowskiNet [4] and utilize sparse
convolution operation with a Scm voxel size. Our NOCS
representation uses the classification with 32 bins [43] in-
stead of direct regression. During the pretraining stage, we
train our model on the source data for 50 epochs using the
Adam optimizer by initializing the learning rate of 1e-4 with
a batch size of 32. The learning rate was reduced by a ratio
of 0.6 (at 15k iterations), 0.3 (at 30k iterations), 0.1 (at 45k
iterations), and 0.01 (at 60k iterations). During test-time
adaptation, our student model uses the same learning rate,
and the teacher smoothly updates using momentum update
with v = 0.99. Given target data, we first update the model
every iteration and then estimate the pose. We set Acg = 1.0,
Ac = 1e-6, \g = 1.0, A = 1.0 for our experiments. The point
filtering threshold p was set to 0.05 for all experiments.
Metrics. To evaluate the performance of 3D object detec-
tion and 6D pose estimation, we follow the previous pose
and size evaluation metric from Wang et al. [43]. We re-
port the mean average precision (mAP) at the 50% and 75%
intersection over union (IoU) thresholds for 3D object de-
tection. We also report mAP for 6D object pose evaluation
w.r.t. rotation and translation errors, where e.g. the 5° 5cm
metric describes the percentage of pose predictions where
the error is less than both 5° and Scm and the same for
other thresholds. We recalculated all the metrics with the
improved code.

category-level object pose estimation on the REAL275 dataset.

Unsupervised
Target 3D Target 2D

mAP (1)

IoU7; 5°2cm 5°5cm
33.7 25.9 29.1
39.9 29.7 349
41.1 31.4 36.3
43.5 333 38.1
323 26.8 31.2
36.0 26.9 33.1
36.5 28.0 34.0
39.7 30.2 35.9

Method

TENT [42] - Eq. (2)

PL [35] - Egs. (3)-(4)
PL-F [15] - Egs. (3)-(5)
TTA-COPE (Ours)
TENT [42] - Eq. (2)

PL [35] - Egs. (3)-(4)
PL-F [15] - Egs. (3)-(5)
TTA-COPE (Ours)

ENENENENENENENEN

ENENENEN

4.3. Comparison with state-of-the-art

Table 2 summarizes quantitative results on the REAL275
dataset under different settings: 1) supervised only on
source data, 2) supervised on source and target data, 3) su-
pervised on source data and semi-supervised on target data,
and 4) supervised on source data and unsupervised on tar-
get data. Not surprisingly, methods following 2) such as
SPD [36] perform better than setting 1) since they have the
benefit of accessing both source and target data. Recent
unsupervised domain adaptation (UDA) methods [15, 16]
show remarkable results compared to state-of-the-art su-
pervised methods without using target 3D labels (semi-
supervised setting). Our method shows state-of-the-art re-
sults in IoU metrics under the semi-supervised setting and
even outperforms the recent supervised methods SGPA [3]
by alarge margin (6.4 mAP in IoU75). Our TTA-COPE uses
less time and data to train the target domain because of the
advantage of test-time adatpation but achieves comparable



Table 4. Ablation study on variants of pose ensemble methods and self-training loss under the semi-supervised setting.

Method Pose Ensemble mAP (T)
Input Output Inference Pseudo Label L, (8) IoUsy IoUz; 5°2cm 5°5cm 10°2cm  10°5 cm
LB 762 375 29.1 34.6 62.1 73.2
(1) Argmax Match v 71.1 275 29.6 343 60.7 71.7
2) Softmax Avg. v 787 404 321 37.3 64.0 74.7
3) Softmax Max v 77.6 409 31.6 36.4 63.4 74.3
4) Softmax Max v 775 41.1 32.1 37.1 64.3 74.6
(5) Inliers Max v 776 412 328 37.6 64.4 74.9
(6) Inliers Max v v 782 429 324 37.8 64.1 74.7
) Argmax Match v 783  40.7 317 36.4 63.2 73.9
(8) Softmax Avg. v 78.6  41.1 31.5 36.2 63.6 74.5
9) Softmax Max v 78.1 412 319 36.5 63.5 74.4
(10) Softmax Max v 78.6 412 31.8 36.3 63.5 74.4
(11) Inliers Max v 782 413 316 36.2 63.6 74.3
(12) Inliers Max v v 78.7 43.0 326 37.0 63.5 73.9
Ours Inliers Max v v v 787 43,5 333 38.1 64.6 75.1

results to the SOTA method, Self-DPDN [16]. Ours takes
about 31 minutes (Table 5) for TTA and is 58x faster than
the Self-DPDN, which takes about 30 hours for training in
the target domain, excluding inference time.

4.4. Comparison with TTA baselines

Table 3 summarizes results for the different design test-
time adaptation (TTA) baselines in semi-supervised and un-
supervised settings. TENT [42] has been designed for gen-
eral unsupervised settings, but it is not specially designed
for the object pose estimation task and naturally observes
overall poor performance compared to other TTA baselines.
Mean teacher with pseudo labels (PL) [35] performs better
than TENT [42] in semi-supervised and unsupervised set-
tings, and we believe that training the model using pseudo
labels with momentum update (Egs. (3)—(4)) provides more
stable training signals by reducing the error accumulation
than entropy minimization (2). However, using pseudo
labels without filtering (PL) provides unreliable labels as
the ground truth, we found that pseudo label filtering (PL-
F) [15] performs better than PL, which indicates that noise
filtering (Eq. (5)) improves the results for the student as ex-
pected. Finally, our TTA-COPE achieves state-of-the-art
(SOTA) performance among all TTA baselines under both
semi-supervised and unsupervised settings.

4.5. Ablation Study

In this section, we conduct experiments to evaluate the

efficacy of the pose ensemble and self-training loss under a
semi-supervised setting.
Input/Output-Level Pose Ensemble. As mentioned in the
Sec. 3.3, we compare the different pose ensemble methods
given predictions of teacher and student models (N7, N*%)
and answer the following question: Which ensemble is the
most effective for test-time adaptation? We categorize two
ensemble techniques:

1) Input-level ensemble that fuses two NOCS map predic-
tions (N7, N°) and makes an accurate single NOCS map
N to estimate poses using the Umeyama algorithm 6,,. For
the input-level ensemble that fuses two predictions (N7,
N¥) into one prediction N, we compare three strategies:
Argmax Match, Softmax Average, and Softmax Max oper-
ations [12,33].

2) We ensemble output-level predictions (N7, N¥) to es-
timate each pose (77, T"%) and choose the best pose pre-
dictions under specific criteria. Unlike the input ensemble,
only the Softmax Max operation is valid for the output-level
ensemble due to the nonlinearity of poses.

Table 4 summarizes our ensemble ablation study re-
sults. Table 4-(1-3) shows that the Softmax Avg. and Soft-
max Max perform better than the Argmax Match operation
among input-level pose ensembles. If we compare the same
operation (Softmax Max) in the input-level, Table 4-(3), and
output-level, Table 4-(4), the output-level ensemble shows
slightly better performance since the output-level operation
is directly related to the pose results. Our proposed pose
ensemble, Table 4-(5), considers pose-aware confidence by
choosing a higher number of inlier points and achieves the
best performance in all pose ensembles in Table 4-(1-5).
Use of Pose Ensemble. Our pose ensemble can be used for
inference Table 4-(1-6, Ours) as well as generating pseudo
labels Table 4-(7-12, Ours). The results show that our pose
ensemble is helpful for both cases. In particular, applying
our ensemble to inferences Table 4-(5) has been shown to
be more effective than application to generating pseudo la-
bels Table 4-(11) in pose metric. We also observe that our
pose ensemble used for inference or pseudo labels improves
overall metrics compared to the lower bound (LB) that is
only trained on source data without test-time adaptation.
Effect of self-training loss. The results of Table 4-(6) and
Table 4-(12) show the effect of self-training loss Eq. (8).
It yields an improvement of more than 1.7 mAP compared
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Figure 3. Qualitative comparison with the lower bound (LB) and our TTA-COPE under the semi-supervised setting.

Table 5. Ablation study on different updating intervals.

Method TTA Time IoU75 5°2cm  5°5cm
Interval=1 (Ours) 31 min 43.5 33.3 38.1
Interval=10 16 min 41.8 32.7 37.7
Interval=20 15 min 41.1 31.9 37.1

to without self-training loss results of Table 4-(5, 11) in the
IoU~5 metric. This indicates that the self-learning loss helps
to learn the distribution of the target domain and reduces
the domain shift by comparing the predicted NOCS map
against the observed point cloud in the target domain. The
result in the last column is our proposed model for test-time
adaptation, Fig. 3 shows qualitative results against the lower
bound method.

Updating Interval. TTA is inevitably slower than simple
inference since additional training is required. However,
reducing the update interval enables faster TTA time than
TTA baselines because of reduced training time. Table 5
shows the difference in TTA speed and performance accord-
ing to the updating interval. Specifically, the interval of ev-
ery 10 frames improves the speed of TTA roughly two-fold
compared to Interval 1 (Ours), with a marginal performance
drop. We also increase intervals to 20, but it does not show
as much improvement as before since most of the bottleneck
arises from inference time.

5. Conclusion

We have proposed TTA-COPE, a test-time adaptation
method for category-level object pose estimation that ad-

dresses the source-to-target domain shift without accessing
source data at test time and without labeled target data.
Specifically, we designed a pose ensemble method with
self-training for test-time adaptation that simultaneously
uses the teacher-student model to generate robust pseudo
labels and estimate accurate poses for inference. We ex-
plore limitations of several test-time adaptation baselines
and show that the proposed method achieves state-of-the-art
performance. We demonstrate the benefits of our proposed
pose ensemble and self-training loss with extensive studies
in both semi-supervised and unsupervised settings.

To the best of our knowledge, TTA-COPE is the first ap-
proach that tries to solve test-time adaptation for category-
level object pose estimation. Since our method currently
focuses on generating 6D pose labels, it does not affect 2D
labels and the segmentation model. In future work, when
jointly considering 2D label and Mask R-CNN, greater
performance improvement and stable test-time adaptation
would be possible. Also, our pose estimation relies on non-
differentiable pose estimation, and as such we could benefit
from a differentiable pose estimation method [30].
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