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Abstract

We study the problem of retrieving accurate correspondence through multi-scale
consistency (MSC) for robust point cloud registration. Existing works in a coarse-
to-fine manner either suffer from severe noisy correspondences caused by unreliable
coarse matching or struggle to form outlier-free coarse-level correspondence sets.
To tackle this, we present Hierarchical Sinkhorn Tree (HST), a pruned tree structure
designed to hierarchically measure the local consistency of each coarse correspon-
dence across multiple feature scales, thereby filtering out the local dissimilar ones.
In this way, we convert the modeling of MSC for each correspondence into a BFS
traversal with pruning of a K-ary tree rooted at the superpoint, with its K nearest
neighbors in the feature pyramid serving as child nodes. To achieve efficient prun-
ing and accurate vicinity characterization, we further propose a novel overlap-aware
Sinkhorn Distance, which retains only the most likely overlapping points for local
measurement and next level exploration. The modeling process essentially involves
traversing a pair of HSTs synchronously and aggregating the consistency measures
of corresponding tree nodes. Extensive experiments demonstrate HST consistently
outperforms the state-of-the-art methods on both indoor and outdoor benchmarks.

1 Introduction

Point cloud registration is a crucial task in 3D computer vision that in-
volves aligning a pair of partially overlapped point clouds to create a
unified scene representation. The most common approaches [1} 2} 3]
follow the two stage technical roadmap, i.e., matching and trans-
formation. They first form a set of high confident correspondences
through repeatable feature descriptors, and then a robust estimator is
utilized to calculate the rigid transformation. Although extensively
studied over the past decades, the task remains challenging due to
limited overlap, severe noise, etc.

Recent advances [4, 15| 6, [7/] have made substantial progress in
learning-based methods. The key idea is to train a shared network
to extract point-wise features and establish reliable correspondences
based on them. Inspired by the progress in image registration counter-
parts [8, 19, [10L [11]], a coarse-to-fine strategy [[12,[13]] is leveraged to
avoid keypoint detection and unrepeatable correspondence searching.
It has demonstrated superior performance over the state-of-the-art
methods. They establish sparse superpoint correspondences on the
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Figure 1: Illustration of the
proposed HST for measuring
MSC. It extracts local patches
at multi-scales in the feature
pyramid and then calculates
their similarity layer by layer.

downsampled input point clouds (coarse level) and then refine them to point level to yield dense point
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Figure 2: Overview of the proposed method. The overall architeclyg) (s designed in a coarse-

to- ne manner, which extracts coarse correspondences and then re nes them to point level. Our
proposed method contains the following paftst.ocal exploration I eft) extracts local patch pairs

for each putative match in multiple scales from the feature pyramid (Sec. 22H3tch Overlap
Prediction moduleBottom Middle) is then adopted to predict the overlap points between patch pairs
(Sec. 3.2.2)3. Overlap-aware Sinkhorn Distandddttom Right) measures the patch similarity by
focusing on potential overlap points (Sec. 3.2.3). Finally, we repeat the above operations across the
layers to construct the Hierarchical Sinkhorn Treeft) in a BFS way. The process of modeling

MSC essentially involves traversing a pair of HSTs and then aggregating the consistency measures of
the corresponding tree nodes (Sec. 3.2.4).

correspondences ( ne level). Therefore, the accuracy of coarse correspondences directly impacts
that of ne correspondenced?, 14]. Intuitively, A pair of incorrect coarse matches may introduce
potential outlier ne correspondences, thereby in uencing the nal transformation estimation.

Prior works try to alleviate this problem from two perspectives. The 1§ [l4, 15] attempts to

nip it in the bud during coarse matching. They adapt the Transforh®ktd unordered point cloud
representation to mitigate matching ambiguity. A series of embeddings are proposed to facilitate
learning discriminative geometric consistency in both explicit and implicit manners for more accurate
matching. The second7, 18, 19, 20, 21, 22] ignores the inaccuracy in coarse stage and directly
Iters out the outlier correspondences at ne stage, known as outlier removal methods. Such methods
distinguish between inlier and outlier by developing well-designed compatibil2ig@f, 21, 22] to
characterize the af nity relationship between correspondences in geometric or feature space. Though
the above techniques have achieved surprising performances, both of them still suffer from noise and
low overlap. Speci cally, the rst only considers coarse-level feature interactions, lacking exploration
of ner-scale local consistency. Erroneous correspondences are more likely to occur, especially in
low-overlapping scenarios. The second suffers from inaccurate outlier Itering when confronted with

a set of high outlier rates correspondences caused by severe noise. Consequently, the outliers, which
arise primarily from inaccurate matching in the coarse stage, would inevitably be involved in the
transformation estimation step, ultimately resulting in failed registration.

To tackle the above problems, we propose the Hierarchical Sinkhorn Tree with overlap-aware
Sinkhorn distance to model the multi-scale consistency (MSC) of correspondences for more accurate
coarse-level matching. Multi-scale consistency analysis, due to its innate capability to analyze patterns
at different levels of detail, has been variously applied to match2g-J6, 27] and retrieval- 8, 29|

related vision tasks. However, in point cloud registration, where the irregular nature of data hinders
the promotion of corresponding image MSC analysis methods, leveraging them for more reliable
correspondence retrieval remains unexplored. Given that MSC characterizes the local consistency
of matches across multiple feature scales, which effectively addresses the challenge of inaccurate
matches at the coarse stage, we aim to tackle them both. The key idea is to hierarchically evaluate
the vicinity geometric similarity of each correspondence at multiple scales using Sinkhorn distance
[30] and Iter out highly dissimilar coarse matches. Speci cally, we employ Local Exploration to
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extract local patches at each correspondence's next decoder

layer. Subsequently, the overlap-aware Sinkhorn distance (over-

lap SD) measures the patch differences (see Fig. 3) by focusing

the Sinkhorn operation on potential overlap points within the

patch, disregarding the non-overlapping ones. This signi cantly

enhances the robustness to noise points while achieving com-

putational savings. Following this, a subset of the most lik gure 3: A toy example illustrat-
overlapping points is retained for further local exploration ang- the Sinkhorn Distance (SD) be-
overlap SD measurement. This repetitive process re nes {iRan, |ocal patches. The patch pair
multi-scale local consistency of each correspondence asghg,
scale becomes ner. Finally, we aggregate the consistency magm,
sures across all scales and utilize probabilistic search to select
the most reliable coarse correspondences robustly. An overview of our method can be found in Fig. 1.

inlier correspondence (green)
tains a lower SD metric.

To sum up, our main contributions are three-fold:

* To the best of our knowledge, we are the rst to introduce multi-scale consistency into point
cloud registration task to mitigate the effects of low overlap and high noise.

» We propose a method for modeling multi-scale consistency called HST, which character-
izes the similarity of potential overlapping points in the vicinity areas layer by layer and
aggregates them into multi-scale consistency.

» We introduce an overlap-aware Sinkhorn Distance to focus optimal transport processes
only on potential overlapping points, signi cantly enhancing the robustness of consistency
calculations while reducing solution complexity.

Extensive experiments on both indoor and outdoor benchmarks demonstrate our scene-agnostic
superiority. HST signi cantly outperforms the state-of-the-art methods on Registration Recall on the
challenging 3DLoMatch benchmark.

2 Related Work

Correspondence-based point cloud registration. Early correspondence-based registration meth-
ods follow the detect-and-transform pipelines. A series of local geometric descript8is B2, 33

are proposed to detect repeatable salient points of point cloud pairs. Then point-level correspondences
[5, 4, 6] are established to recover the transformation between point clouds through a robust estimator
[20, 21, 22]. Recently, detector-free methodk?[ 13, 15] to avoid unrepeatable keypoint detection

are proposed. They introduce a coarse-to- ne manner derived from 2D image mai8rend(, 11]

to shrink the correspondence searching space. It rst extracts full and reliable matches on coarse-
resolution features and then re nes them on the corresponding local patch from ner resolution. It's
becoming prevalent due to its excellent matching accuracy and computational ef ciency. Our method
follows the technical roadmap of detector-free methods and focuses on improving the correspondence
reliability of the coarse phase.

Coarse-to- ne matching. Recent works§, 9, 10, 11] advance 2D image matching by leveraging a
coarse-to- ne fashion to avoid unrepeatable keypoint detection while increasing matching reliability,
known as detector-free methods. DualRC-Ngtdxtracts coarse feature maps to form complete
correlations and generate pixel-level matches with the help of ne features. PatcBpmxnes
coarse patch matches by regressing ne pixel matches from local regions. 1@far{d CasMTR

[17] introduce an attention mechanisif] to search for accurate low-resolution correspondences
and then establish dense matching based on informative high-resolution local patches.

Multi-scale consistency. The core idea of multi-scale consistency is to evaluate the similarity

of matches across multiple feature scales. The criterion under this for evaluating an inlier match
is that each spatial resolution of feature pyramids should maintain a certain degree of similarity.
BiseNet B4] utilizes an auxiliary loss to supervise the consistency between multi-scale features and
ground-truth to enhance the feature representation. MSQ@&Ndverages a multi-scale attention
module to capture features of different scales and aggregates them into a global descriptor for robust
image retrieval. ACMM 5] conducts the multi-scale geometric consistency to re ne depth maps at
each scale, reaching satisfying performance.



3 Method

3.1 Problem Statement

Given two pointcloudX = x; 2 R®ji=1:N ,andY = y; 2R®ji=1:M ,thegoalisto
recover a rigid transformatiof (R ; t) that aligns the two point clouds with rotatiéh 2 SO(3) and
translationt 2 R3. We utilize the KPConv-FPN3B] as the backbone and leverage geometric self-
and cross-attentiorLp] to estimateC pairs of coarse correspondences for registration in a coarse-to-
ne manner L2, 13]. Our goal is to remove the outlier correspondences from the above estimated
correspondences for further accurate and robust registration. The key idea is to hierarchically model
the vicinity similarity at multiple scales between each correspondence.

3.2 Hierarchical Sinkhorn Tree

We rst proposeMulti-scale ConsistencfMSC) for coarse level correspondences, which assumes that
each correspondence contains similar local features at different down-/up-sampling scales. l.e., given

a pair of pointsx andy with their local patch features atscales to béFx P :Fyx @ ;i Fx Mg
andfFy @ ;Fy @ Fy (Mg thenx andy is an putative inlier correspondence only they satisfy:
X

 dist(Fx i Fy D) < g 12 [LL; (1)

wheredist( ) is the pre-de ned metric for measuring the patch difference arid the threshold.

We further propose thierarchical Sinkhorn Treavith Overlap-aware Sinkhorn Distante model

the MSC of correspondences. It rst applies Local Exploration (Sec. 3.2.1) to extract local patch at

next ner scale from the feature pyramid. Then the Overlap-aware Sinkhorn Distance (Sec. 3.2.3)
picks the overlap points from patches using Patch Overlap Prediction (Sec. 3.2.2) module and
performs Sinkhorn Distance with overlap-aware marginal initialization on them. These two steps are
performed layer-wisely in a hierarchical tree way called the Hierarchical Sinkhorn Tree (Sec. 3.2.4).

3.2.1 Local Exploration

KPConv-FPN B3] varies point density by altering the size of grid cells at each layer to form feature
pyramids. Moreover, the features from FPN decoder provide suf cient information to analyze the
vicinity similarity between correspondences due to the skip connections. Consequently, we perform
nearest-neighbor exploratioBq] on the match's neighboring points from subsequent decoder layer.

Given point cloudX () from thel-th layer of decoder, and its next layer point cloké*? , where
0 | L 1andL isthe number of decoder. We hakaearest neighbok¢NN) search to obtain

the local patchi('+1) from the next layer for poinxi('):

p(* = argtopk 1 5 4.y (I x{;x (" i) )

3.2.2 Overlap Points Prediction

After the above local exploration, each correspondence obtains a pair of local patch features from
the rst decoder layer. We then utilize them to predict overlap points between each patch pair for
subsequent Overlap-aware Sinkhorn Distance Computation. We extract overlap information from
local patches using a simple yet effectRatch Overlap Prediction (POP)module. It takes input

as the coarse-grained features containing global overlap information from coarse matching module
and the ne-grained features from the current decoder layer, aiming to integrate features across
granularity and predict ne-grained overlap between patches. It consists of two components: a
borderless EdgeConv for aggregating local features, and a cross-attéhtsh for interacting
cross-patch information.

Though EdgeConv37] effectively captures local information by constructing point-wksélN

graphs within the patch, it restricts the search within the patch. It pushes the vicinity towards
the interior of the patch when encountering boundary points, affecting the smoothness of local
descriptions. Therefore, we have lifted this restriction, allowingki#idN search to include points
outside the patch, and we refer to it as borderless EdgeConv. Furthermore, we strengthen each point



feature ad, = (cat f¢;f! ) forintegrating overlap features into patches, Héfeis the feature

from the current decoder layer afdis the nearest upsampled feature from the last transformer
block. is a nonlinear layer activated by Softplus and each decoder layer's point features are
mapped to the same dimension, allowing for the sharing parameters of subsequent modules across
scales. Then the edge feat@e between point paix; andx; with featured;, andf) in a patch

can be calculated aag‘jk) =h (catffi® Y:1i® P £ ® V) Hereh denotes a nonlinear layer
activated by LeakyReLlk denotes th&-th layer of EdgeConv. Finally, the point-wise feature is

calculated a§l = h (cat[fi @ ;fi®:£i@7) andfi ) is max-pooled point feature frofnth layer.

Feature-based cross-attention is then used to achieve information interaction between two local
patches corresponding to a pair of nhode correspondences. Given the fégtueesl Fy after
EdgeConv of two patche$ andY , the output feature df x after cross-attention is:
Xy . . .
fl = [y B fiwY S f, 2 Fx:f) 2 Fy; (3)
wherea;; = Softmax( f,w<? flw¥K P d;) is the attention score betwe€r andFy .

The co-contextual feature &y can be calculated in the same way. Now the output feaftfes
andF" contain suf cient information to achieve overlap prediction. We utilize the 0-1 scaled cosine
similarity between points of two patches as the overlap score:

S:(ﬂ+l):2: (4)
kFx kkFv k

3.2.3 Overlap-ware Sinkhorn Distance

Overlap Points Filtering Conducting a direct search for optimal transport acedlspoints within

patches may precipitate erroneous matches, consequently inducing inaccuracies in Sinkhorn distance
computation. To mitigate this issue, we advocate limiting the computation of the Sinkhorn distance to
the most probable overlapping points. The rationale is that the selectively Itered overlapping points
exhibit a higher likelihood of successful matching, thereby mitigating the susceptibility to distance
measurement errors. Therefore, we only retain points with high overlap scores for further Sinkhorn
iteration to improve the robustness of optimal transport solver.

Speci cally, we adopt a dynamic [38, 39] strategy to select

the points with top overlap score adaptively. Intuitively, the

number of potential overlap points should vary across the

patches due to factors like geometry, overlap area, etc. Patch

with higher overlap scores should retain more overlapping

points. Therefore, we select the tqpredicted scores and

sum them up to represent the roughly estimated overlap

points number, i.ek = maxfb ?:1 S4C; 1g. Then points

with topk overlap scores are retained as overlap points.

Rows and columns devoid of overlap points are discarded,

and only the remaining entries are involved in the subsequBigure 4: Overlap Points Filtering with
Sinkhorn operation. This strategy effectively enhances thgnamic Topk lllustration
robustness while reducing computational overhead.

Overlap-aware Marginal Prior  The initialization of the Sinkhorn algorithm typically sets the
marginal distributions, and , as uniform distributions. This initialization strategy presupposes equal
importance among points to be allocated. However, it is suboptimal and potentially unreasonable
in most cases. The importance of individual points ideally varies according to factors such as their
positions, features, etc. With the availability of estimated overlap scores between two patches, it is
prudent to incorporate this as prior during initialization. With the help of POP for estimating the
overlap score, a more informed initialization of the Sinkhorn algorithm can be achieved.

Speci cally, with the overlap score denotedsave discard the rows and columns where without
topk scores to yield the Iltered overlap scos& Then we apply row- and column-normalization to
s’to adjust the marginal vectors, weighting them according to the overlap scores:
X o X0 o X o X s
ov — = ij ~ S

=1 0 T g BT o T ®)



Overlap-aware Sinkhorn Distance Given a pair ¢f patcheX andY with their overlap scors,
the Itered overlap points can be computedds, = Xx; top-k(;;(s) andY o is computedin

the same way. Similar talp], we then calculate the cost matx= Fx_, (Fy, )" = d basedon
their features. Following the dustbin setting as46,[41] to handle unmatched pairs, we augment the
cost matrixC 2 RXo il Yol toC 2 RUXei*) (Yo i*D) py appending a new row and column
with a learnable parameter To incorporate overlap-aware marginal prior, we append the sum of
one margjpal to another tq serve as the dustbin. Speci cally, the unnormalizezhn be updated

as ov = ov, }if” ov »and similarly for ,,. Then normalization is applied as in E®) to

ensure that the sum equals 1. The formulation of the Overlap-aware Sinkhorn Distance is as follows:

Xy i+ Y g i+l

o T2U( ov; ov) i=1 j=1 ! ! (6)
S't'leYovj+l = ov; T> 1]')(0\, j+]_ = OV;

whereT; thei;j -th element from the assignment matiix2 RU oi*) (o i*l) of optimal
transport problem. The above problem can be solved ef ciently via the Sinkhorn AlgordB3()

on GPUs. Moreover, it is differentiabld(], enabling the back-propagation of the supervision signal
from the transport result to the Patch Overlap Prediction module.

3.2.4 Hierarchical Sinkhorn Tree for Multi-scale Consistency Modeling

Though the above proposed overlap SD effectively models the similarity between patches, it solely
explores the neighborhood features at a single scale while still neglecting multi-scale information. To
gather features at various scales for characterizing informative MSC, we propose the Hierarchical
Sinkhorn Tree to traverse the feature hierarchy by repeating the above exploring and measuring steps.

Speci cally, for modeling single-scale consistency, we conduct local exploration of correspondence
at the next level of the feature pyramid to form local patches and then measure their similarity using
overlap SD. Notably, besides the measurement computation, overlap SD also matches potential
overlapping points across patches. Moreover, due to the presence of dustbin strategy, these points are
further Itered. If the assignment resullsgenerated by Sinkhorn algorithm can help select more
accurate overlap points for ner-grained local exploration, it enables a more precise characterization of
MSC. Therefore, we retain the most likely overlapping matches via mutud smection (dropping
dustbin). These matches continue exploring the feature at the next level with overlap SD. Repeating
these two steps achieves the complete modeling of MSC across all scales. The whole modeling
process essentially involves a Breath First Search (BFS) traversal with pruning of a K-ary tree rooted
at the superpoint, with ite-NN in the feature pyramid serving as child nodes. HST is the subtrees
pruned by overlap SD. Modeling MSC is essentially synchronously traversing a pair of HSTs and
aggregating the overlap SD of corresponding tree nodes. We take the mean of overlap SD for each
layer and then perform a weighted sum across scales to obtain the nal MSC. Folld@yid, [a

more robust probabilistic selection strategy is then adopted to form output correspondence set. The
probability for all putative matches = Softmax(1= ( m)), wherem is the 0-1 normalized

MSCs and is the temperature parameter that controls the soft assignment.

3.3 Loss Functions

The total losd. is the sum of each layer's loss. And each layer-wise Id$sis composed of the
overlap losd. Q), the overlap-aware matching Iobé'ﬁq , and the Overlap-aware circle Iolsé'c), ie.,
LO =9+ L8+ LY.

Overlap loss To supervise the overlap prediction, we minimize the cross entropy loss between the
predicted overlap scoreand the ground trutk with radius ,. HereJ Kis the Iversion bracket.

1%
Lo = ng Sj log(sj)+ (1 Sj)log(l sj); S5 = IKT(Xi) Yyik,< oK (7)
i =1



Table 1: Results on the 3DMatch and 3DLoMatch datasets.

3DMatch
RR (%)" FMR (%)" IR (%)"
# Samples | 5000 2500 1000 500 25p5000 2500 1000 500 2505000 2500 1000 500 250

FCGF[32] | 85.1 84.7 83.3 81.6 71497.4 97.3 97.0 96.7 96,656.8 54.1 48.7 425 34.1
D3Feat[4] | 81.6 84.5 83.4 82.4 771956 954 94.5 94.1 93/139.0 38.8 40.4 415 41.8
SpinNet[5] | 88.6 86.6 85.5 83.5 70.297.6 97.2 96.8 95.5 94.347.5 44.7 39.4 33.9 27.6
Predator [6] | 89.0 89.9 90.6 88.5 86/96.6 96.6 96.5 96.3 96.,558.0 58.4 57.1 54.1 49.3
CoFiNet[12]| 89.3 88.9 88.4 87.4 87.098.1 98.3 98.1 98.2 98.3 49.8 51.2 51.9 52.2 52.2
YOHO [43] | 90.8 90.3 89.1 88.6 84.598.2 97.6 97.5 97.7 96.0 64.4 60.7 55.7 46.4 41.2
GeoTR[13] | 92.0 91.8 91.891.4 91.2| 97.9 97.9 97.9 97.9 97671.9 75.2 76.0 82.B5.1
RIGA[44] | 89.3 88.4 89.1 89.0 87[797.9 97.8 97.7 97.7 97.668.4 69.7 70.6 70.9 71.0
REGTR [45] 92.0 - -

OIF [14] 92.4 91.9 91.8 92.1 91.2| 98.1 98.1 97.9 98.498.4| 62.3 65.2 66.8 67.1 67.5
RolTr[46] | 91.9 91.7 91.891.4 91.0| 98.0 98.0 97.9 98.0 97.982.6 82.8 83.083.083.0
HST Ours) | 93.5 92.9 92.6 92.1 92[/198.8 98.8 98.5 98.6 98.575.9 80.5 80.3 83.3 83.6

3DLoMatch

RR (%)" FMR (%)" IR (%) "
# Samples | 5000 2500 1000 500 2505000 2500 1000 500 2505000 2500 1000 500 250

FCGF[32] | 40.1 41.7 38.2 354 26/876.6 75.4 74.2 71.7 67.321.4 20.0 17.2 14.8 11.6
D3Feat[4] | 37.2 42.7 46.9 43.8 39/167.3 66.7 67.0 66.7 66.513.2 13.1 14.0 14.6 15.0
SpinNet[5] | 59.8 54.9 48.3 39.8 26.875.3 74.9 725 70.0 636205 19.0 16.3 13.8 11.1
Predator [6] | 59.8 61.2 62.4 60.8 58[178.6 77.4 76.3 757 75.326.7 28.1 28.3 27.5 25.8
CoFiNet[12]| 67.5 66.2 64.2 63.1 61.083.1 83.5 83.3 83.1 82/624.4 259 26.7 26.8 26.9
YOHO [43] | 65.2 65.5 63.2 56.5 48079.4 78.1 76.3 73.8 69/125.9 23.3 22.6 18.2 15.0
GeoTR[13] | 75.0 74.8 74.2 74.1 73588.3 88.6 88.8 88.6 88.343.5 453 46.2 52.9 57.7
RIGA[44] | 65.1 64.7 64.5 64.1 64.885.1 85.0 85.1 84.3 85/132.1 33.4 34.3 345 346
REGTR [45] 64.8 - -

OIF [14] 76.1 75.4 75.1 74.4 73.6| 84.6 852 855 86.6 87.027.5 30.0 31.2 32.6 33.1
RoITr[46] | 74.7 74.8 74.8 74.2 73/689.6 89.6 89.5 89.4 89.354.3 54.6 55.155.255.3
HST Ours) | 77.8 77.4 76.9 755 74.088.8 88.8 89.0 88.8 89.0| 41.7 48.0 54.5 56.6 58.3

Overlap matching loss To supervise the optimal transport result of Overlap-aware Sinkhorn
Distance, we minimize the negative log-likelihood loss agi] pn the assignment matrik. Given

the setOV representing the overlap point pairs within the overlap radiysas the ground truth
matching,] andJ denoting t)?e unmatched p)g)intsOm is de nedxas:

Lom = log Tx.y 09 Txem +1 09 Th+1y: (8)
(x;y )20V x2l y2J

Overlap-aware circle loss Inspired by B4], we extend the coarse matching lo&§][to the feature
hierarchy to further supervise the overlap prediction at each layet, ke LY. + LY. =2, and

1 X ia X i X i
Lo = Al :1 log[1 + et v (4 ) en (o d)y: ©)
o 27 ey 2",

We provide details on the individual terms and further particulars in the supplementary material.
4 Experiments
We evaluate our proposed Hierarchical Sinkhorn Tree on both indoor 3DMHtcBOLoMatch

[6] dataset, and outdoor KITTI odometr§1] dataset. More details about the datasets, evaluation
metrics, and implementation are provided in the supplementary material.

4.1 Indoor 3DMatch & 3DLoMatch

Metrics. We adopt 5 metrics to evaluate our method. Our main metric is the Registration Recall
(RR), the fraction of correctly aligned point cloud pairs. Following the setting%,iiJ], the



Table 2: Registration results w/ and w/o RANSAC on 3DMatch and 3DLoMatch. The number of
samples for RANSAC-50k, weighted SVD, and LGR are 5000, 250, and all respectively. The units
for metrics are RR (%), RRE ), RTE (m), and time §).

Model Estimator 3DMatch 3DLoMatch Time(s)
RR RRE RTE| RR RRE RTE

Predator [6] RANSAC-50k | 89.0 2.02 0.064 62.5 3.04 0.093 3.915
CoFiNet [12] | RANSAC-50k | 89.3 2.44 0.067] 67.5 5.44 0.155 1.746
GeoTrans [13]] RANSAC-50k | 92.0 1.87 0.065 75.0 2.94 _0.090 1.992
OIF-PCR [14] | RANSAC-50k | 92.4 1.86 _0.064 76.1 3.04 0.092 -

RoReg [48] RANSAC-50k | 92.9 1.84 0.063| 70.3 3.09 0.09 -

RolTr [46] RANSAC-50k | 92.4 1.87 0.063| 75.7 2.84 0.091| 2.270
HST Ours) RANSAC-50k | 93,5 1.83 0.063 77.8 2.80 0.08§ 2.160

Predator [6] weighted SVD| 50.0 3.89 0.122 6.4 >10 >1 0.073
CoFiNet [12] | weighted SVD| 64.6 2.92 0.087 21.6 6.34 0.154 0.264
GeoTrans [13]| weighted SVD| 86.5 2.13 0.070| 59.9 3.88 0.105| 0.245
HST (Ours) weighted SVD| 88.1 2.10 0.068 62.1 3.78 0.105 0.279

CoFiNet [12] LGR 87.6 223 0071 648 3.49 0.124 0.279
GeoTrans [13] LGR 915 1.91 0.068| 74.0 2.95 0.090| 0.260
Roltr [46] LGR 915 1.80 0.065| 73.7 2.88 0.090| 0.311
HST (Ours) LGR 932 170 0.059 77.3 271 0.084 0.296

PEAL-3d [15] | lterative LGR | 94.1 1.75 0.061| 78.8 2.80 0.087 -
HST (Ours) Iterative LGR | 94.4 1.72 0.061 79.9 2.72 0.084 -

registration is considered correct if the root mean square error (RMSE) is under 0.2m. We also report
the feature matching recall (FMR) and inlier ratio (IR). IR is de ned as the fraction of point pairs'
distance less than 0.1m under correct transformation and FMR s the fraction of point pairs' IR larger
than 5%. Relative Rotation Error (RRE) and Relative Translation Error (RTE) are the metrics to
measure the difference between the predicted transformation and the ground-truth transformation.

Comparisons to the state-of-the-art methods. We compare our proposed HST to recent state-of-
the-art methods including: FCGBZ], D3Feat {], SpinNet p], Predator §], CoFiNet [12], YOHO

[43], GeoTransformer (GeoTRLB], RIGA [44], REGTR @45], OIF-PCR (OIF) [L4] and RolTr 6],

seein Tab. 1. We rst report the RR, FMR, and IR results using the RANSATdstimator under
different numbers of sampled correspondences. Followéng3, 14], we run RANSAC for 50k
iterations to estimate the nal transformation. Followirigl], we only report individual results of
REGTR @5] not distinguishing the number of sampling points because it estimates the nal pose
based on all the superpoints instead of sampling. HST outperforms all the previous descriptor-based
and end-to-end methods on both 3DMatch and 3DLoMatch. It surpasses the closest competitor by 1.1
pp and 1.7 pp respectively on RR, re ecting the superiority in actual high and low overlap alignment.
When the correspondence number varies, HST consistently maintains a signi cant lead over the
others on the boards. For FMR and IR, HST still shows outstanding performance. It reaches the best
or second best in most data points, indicating its stability when confronting limited correspondences.

We further compare the registration results replacing RANSAC with other estimators including
weighted SVD f9)], local-to-global registration (LGR)1B], and Iterative LGR 15] in Tab. 2. In
addition to RR, we further introduce RRE)( RTE (m), and time §) to evaluate the estimated error

and latency of the methods. First, when replacing with weighted SVD, all methods suffer severe
performance degradation and some even fail to align while HST still achieved the best performance
across all the metrics. When using LGR, HST consistently outperforms all the state-of-the-art
methods by a large margin. It improves the previous b&sl)Ypy 1.7% on 3DMatchf] and 3.6%

on 3DLoMatch p] while with the smallest RRE and RTE. The most recent advaricgsg ne the
registration in an iterative update way. We adapt HST to iterative registration built upon RIBAL [

with 3d overlap prior and utilize LGR multiple times to gradually re ne the nal transformation. The
results demonstrate that HST achieving competitive performance although we have not optimized
it for the multi-step pipeline, which once again proves the effectiveness of our method. The above
results demonstrate that our method performs well even without RANSAC to Iter out outliers in



Table 3: Comparisons to the baseline w/o and w/ ne-tuning on 3DExMatch using different estimators.

Method Estimator | # samples w/0 tuning w/ tuning
RR(%) RRE() RTE(cm) | RR(%) RRE() RTE(cm)

GeoTrans LGR - 29.8 3.83 0.110 53.8 3.73 0.107
HST (Ours) LGR - 325 3.78 0.111 59.0 3.79 0.106
GeoTrans | RANSAC 250 28.8 456 0123 | 47.0 439 0.121
HST (Ours) | RANSAC 250 315 4.42 0.122 498 4.43 0.119
GeoTrans RANSAC 500 305 425 0.121 499 455 0.113
HST (Ours) | RANSAC 500 325 4.16 0.118 52.6 4.03 0.117

GeoTrans RANSAC 1000 31.7 423 0.118 524 4.03 0.117
HST (Ours) | RANSAC 1000 33.6 4.03 0.114 575 413 0.115

GeoTrans RANSAC 2500 319 4.09 0.116 551 3.89 0.116
HST (Ours) | RANSAC 2500 347 3.81 0.111 59.0 3.89 0.112

GeoTrans RANSAC 5000 31.0 4.04 0.117 56.1 4.07 0.116
HST (Ours) | RANSAC 5000 344 387 0.114 60.3 3.93 0.111

ne-level correspondences. It indicates that HST is capable of forming reliable and robust coarse
matching sets, which effectively assist subsequent ne matching to achieve accurate registration.

Comparisons under extreme low overlap. We design a set of experiments targeting overlap ratios

of less than 10% and compare the performance with GeoTransfoiBjeo[test the robustness of

HST when facing extremely low overlap. However, the currently available preprocessed datasets,
3DMatch [1] and 3DLoMatch 6] ( > 30% and 10 - 30%, respectively), do not include samples with
such extremely low overlap (< 10%). Therefore, we access the 3DMatch raw dad{eemad collect a

new set of point cloud pairs with overlap ratio under 10%, which we refer to as 3DExtremeLoMatch
(3DExMatch) dataset, containing a total of 1,343 samples. We rst test the model pre-trained on
3DMatch directly on 3DExMatch, and the results can be found in the left part of Tab. 3.

We then randomly divide the 3DExMatch into training, validation, and test sets with proportions
of 60% (805 samples), 10% (134 samples), and 30% (404 samples), respectively. We ne-tune the
pretrained GeoTransformet3| and HST both for 3 epochs on the training set, and then evaluate them
on the test set. The results can be found in right part of Tab. 3. Both results clearly demonstrate that
HST maintains strong performance even under low overlap conditions, con rming the effectiveness
of our method.

Comparisons to the outlier-rejection methods. We further compare HST with other state-of-the-

art outlier-rejection methods to gain more insights into handling outliers. For fairness, we replace
HST directly with GC-RANSAC 18], MAC [22], and FastMAC 50]. Results on both 3DMatch

and 3DLoMatch can be found in the following Tab. 4. All three methods, along with HST, showed
performance improvements compared to the vanilla GeoTransformer, with HST demonstrating
the most signi cant enhancement. However, on 3DLoMatch, the improvements from these three
methods were less pronounced, and some even showed a potential negative impact. In contrast, HST
maintained better robustness, highlighting its superior effectiveness over previous outlier rejection
methods in scenarios with low overlap and high noise.

Table 4: Registration results compare with state-of-the-art outlier-rejection methods.

Benchmark 3DMatch 3DLoMatch

RR(%) RRE() RTE(cm)| RR(%) RRE() RTE(cm)
vanilla [13] 91.5 1.91 0.068 74.0 2.95 0.090
GC-RANSAC[18]| 92.1 1.78 0.068 73.4 2.96 0.088
MAC [22] 92.2 1.99 0.067 74.4 2.85 0.086
FastMAC [50] 91.9 1.73 0.062 74.2 2.86 0.087
HST (Ours) \ 93.2 1.70 0.059 \ 77.3 2.71 0.084




Table 6: Ablation study for each component. Tested with RANSAC # Samples=5000.

Model 3DMatch 3DLoMatch Time(s)
IR(%) FMR(%) RR(%)| IR(%) FMR(%) RR(%)

Full (# Depth=2, all scales)| 75.9 98.8 935 | 41.7 88.8 77.8 | 2.160

vanilla SD 66.0 98.1 90.4 | 37.9 86.4 73.3 -
w/o Overlap Filtering 70.5 98.1 91.6 | 39.7 86.5 75.1 -
w/o Overlap-aware Initial 71.1 98.6 929 | 39.3 88.4 77.0 -
w/o Patch Overlap Pred 69.8 98.2 92.0| 394 86.8 75.6 -
HST # Depth=1 74.3 98.2 92.8 | 40.5 88.1 76.8 | 2.075
HST # Depth=0 71.0 98.1 92.4 | 39.9 87.5 74.6 | 2.039

4.2 Outdoor KITTI Odometry

Metrics. Following [6, 13], 3 metrics are } : .
adopted to evaluate our methods: Relative RO‘_I’abIe 5: Registration results on KITTI odometry.

tation Error (RRE), Relative Translation Error Method |RRE( )# RTE(cmyt RR(%)'

(RTE), and Registration Recall (RR). FCGF [32] 0.30 95 96.6

) ) D3Feat [4] 0.30 7.2 99.8
Registration Results. We compare our SpinNet[5] | 0.47 9.9 99.1
method with recent state-of-the-art methods preqator [6]| 0.28 6.8 99.8

in Tab. 5, including FCGF32, D3Feat  coFiNet[12] 0.41 8.2 00.8
[4], SpinNet B], Predator §], CoFiNet [12], GeoTR[13]| 0.24 6.8 99.8

GeoTR [L3], OIF [14], and PEAL [15] Our OIF [14] 0.23 6.5 99.8
method outperforms all the baselines for all pga| [15] 0.23 6.8 99.8
metrics. It indicates that HST is effective in gt ©urs) | 0.23 6.3 99.8

handling both indoor and outdoor scenes.

4.3 Ablation Study

Importance of individual modules. Tab. 6 shows the results of the ablation studies of each
component on 3DMatch and 3DLoMatch. We rst replace our proposed overlap-aware Sinkhorn
Distance with vanilla Sinkhorn Distance, i.e., removing overlap ltering and overlap-aware initializa-
tion. Results indicate that all the metrics decrease signi cantly, proving that HST bene ts from our
designed scheme. Then we ablate these two components and the POP module individually. Removing
either will cause severe performance degradation, indicating each component is bene cial for patch
difference measurement. Finally, we ablate the depth of HST, i.e., the number of scales used. The
results show that performance degrades as the depth reduces, with optimal performance achieved
when all scales are explored. This con rms that robust coarse matching relies on accurate MSC.

Robustness study Fig. 5 shows the results of
adding zero-mean Gaussian noise with a standard
deviation of 0.01 to 3DLoMatcHj] dataset, and grad-
ually increasing the proportion of noise points to test
the robustness of the model. It demonstrates that HST
maintains the most stable performance compared to
[13, 12], indicating its superior noise resistance.

5 Conclusion

In the paper, we present a simple but effective Hierar- _. ) .
chical Sinkhorn Tree (HST) to model the multiscale F9ure 5: Details of robustness study.
geometric consistency for robust point cloud registration. We hierarchically explore the neighbor-
hoods of each correspondence in their feature pyramids, and devise a novel overlap-aware Sinkhorn
Distance to compute the vicinity similarity. Subsequently, the most likely overlapping points are
retained to continue local exploration. The modeling process essentially involves a BFS traversal of a
k-ary tree rooted at the coarse-level point. Pruning is performed during traversal using the overlap-
aware Sinkhorn distance to obtain subtrees, which is the so-called HST. Extensive experiments show
HST consistently outperforms the state-of-the-art methods on both indoor and outdoor benchmarks.
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A Appendix / supplemental material

In this supplemental material, we rst provide detailed introductions about our utilized datasets in

Sec. A.1. Metrics utilized for evaluation in our experiments are demonstrated in Sec. A.2. Detailed
loss and further particulars are provided in Sec. A.3. We further provide more implementation details
in Sec. A.4. More results are provided in Sec. A.5. Limitations and broader impact are discussed in
Sec. A.6 and Sec. A.7. Finally, we demonstrate more qualitative results of registration on 3DMatch,
3DLoMatch in Sec. A.8.

A.1 Datasets

3DMatch & 3DLoMatch  3DMatch [1] contains 62 scenes collected from SUN3, [/-Scenes

[3], RGBD Scenes v.24], Analysis-by-Synthesisy], BundleFusion §], and Halbel et al. T] among

which 46 scenes are used for training, 8 scenes for validation and 8 scenes for testing. Scenes are
captured from various indoor environments with sensors like Microsoft Kinect. The licenses for each
component are listed as follows in Tab. 7. Followii@y9, 10], we use the training data preprocessed

by [8] and evaluate on 3DMatch and 3DLoMatch benchmarks. The original 3DMatch only contains
point clouds with overlap > 30%. 3DLoMatch additionally includes a subset of point cloud pairs with

an overlap ratio between 10% and 30%, speci cally designed to evaluate performance in low overlap
scenarios.

Table 7: Datasets in 3DMatch [1] and their licenses.

Datasets \ License
SUN3D [24] CCBY-NC-SA 4.0
7-Scenes [17] Non-commercial use only

RGB-D Scenes v.2 [11] (License not stated)
Analysis-by-Synthesis [21 CCBY-NC-SA 4.0
BundleFusion [5] CCBY-NC-SA 4.0
Halbel et al. [8] CCBY-NC-SA 4.0

KITTI Odometry  KITTI [ 11] is a vision benchmark especially focusing on outdoor scenes. It
consists of 11 sequences of outdoor driving scenarios scanned by a Velodyne HDL-64 3D laser
scanner. We follow12, 13, 8] and adopt 0-5 for training, 6-7 for validation and 8-10 for testing.
The ground truth transformations are re ned utilizing ICP followidg,[13, 8] due to the noisy

GPS data. we only use point cloud pairs that are at least 10m away for evaluation, i.e., 1358
pairs for training, 180 for validation, and 555 for testing followidg]} It is published under the
NonCommercial-ShareAlike 3.0 License.

A.2 Evaluation Metrics

Relative Rotation Error  Relative Rotation Error (RRE) is the geodesic distance in degrees between
estimated and ground-truth rotation matrices. It is calculated by measuring the difference between
the estimated and true rotation vectors as follows:

trace RT R 1
RRE = arccos 5 : (20)

Relative Translation Error  Relative Translation Error (RTE) is the Euclidean distance between
estimated and ground-truth translation vectors. It is calculated by measuring the difference between
the estimated and true translation matrices as follows:

RTE = kt ik (11)

Registration Recall Registration Recall (RR) is the fraction of correctly registered point cloud pairs.
In the 3DMatch and 3DLoMatch benchmarks, two fragments are considered registered correctly if
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the transformation Root Mean Squared Error (RMSE) is smaller than 0.2m:

M 1 X
RMSE = f = T p Gy o (12)
(pyiay,)2C
(R
RR = M JRMSE; < 0:2 mK (13)

i=1

whereT is the predicted transformation a@d are the ground truth correspondencé<is the
Iversion bracket. Moreover, we align with the evaluation protocol in 3DMattttie immediately
adjacent point clouds are excluded due to their high overlap ratio.

In the KITTI Odometry benchmark, the registration is correct when RRE anel RTE < 2m:

b
RR= .= JRRE; < 5 " RTE; < 2mK (14)
i=1

Inlier Ratio Inlier Ratio (IR) is the fraction of inlier correspondences among all the putative
correspondences. A correspondence is considered an inlier when the distance between two points is
smaller than ; = 10 cm under the ground-truth transformation

1 X -
IR = iCi JT(px) dy ,< 1K (15)
(px;:ay; )2C

whereCis the putative correspondence set.

Feature Matching Recall Feature Matching Recall (FMR) is the fraction of point cloud pairs
whose IR is larger than a certain threshojd= 0:05. It measures the likelihood that the optimal
transformation between two point clouds can be recovered using robust estimators. It is calculated as:

hd
FMR= — JR;> K (16)
i=1

A.3 Detailed Loss

Overlap-aware circle loss Each layer-wise overlap-aware circle lo4€)][is calculated as the
mean of losses on point cloud paXsandY from thel-th layer of feature pyramid, i.el,o.(") =

LX) + LY. (D =2, The anchor patch sét is collected as the patches ¥ have at least one
positive patch irtY . The positive patch ség is de ned as the patches that share at least 10% overlap.
The negative patch $ét is the patches share no overlap. Then the individual losX fir de ned as:

Yo X S X )
LX) = ﬁ ogli+ el # (@ 0) T e (a d)y (17

ocC
=1 o 27} oy 27}

[N

whered{ = kh¥ ﬁjY ko is the distance in the feature spac{e,= o{ : ando{ are the overlap

ratio betweerG andG,Y . The positive and negative weights are computedghs: d’I p

and [k = n d< . The hyper-parameters for margin are set{p= 0:1and , = 1:4
following [10]. The losd.Y.(") for Y are calculated in the same way.

Inspired by [L4] introducing segmentation loss to multiple feature scales to enhance the feature
representation, we extend the coarse (superpoint) matching loss to the feature hierarchy to further
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supervisqathe overlap prediction at each layer. The overall overlap-ware circle loss is calculated
asLoc = |L:o w; Loc!", wherew, is the weight for the-th layer. For stablngraining and better
performance, we decay the weight by half with each successive layet,de&s, |y (3)'Loc.

A.4 Implementation Details

Our proposed method is implemented and evaluated in Pytairahd we train it on a single

RTX 3090 GPU with an AMD EPYC 9654 CPU. Speci cally, the network is trained with Adam
optimizer [L6] for 40 epochs on 3DMatch and 80 epochs on KITTI with batch size of 1 and weight
decay of10 ©. The learning rate initializes froh0 4 and decays exponentially by 0.05 every
epoch on 3DMatch and every 4 epochs on KITT]I, respectively. The matching radiset as 5cm

for indoor 3DMatch/3DLoMatch and 60cm for outdoor KITTI to generate overlapping matches.
We randomly sample 128 pairs of ground-truth coarse matches during training. The overall Multi-
scale Consistency (MSC) is calculated as the weighted sum of each layer's mean overlap-aware
Sinkhorln_,distance (overlap SI3f" and the weights also decay by half as the layer increases, i.e.,
MSC =" |, (3)'S(. Thek that controls the vicinity size fdt-NN exploration is set as 16. We

run the Sinkhorn Algorithm7] for 100 iterations to calculate the overlap-aware Sinkhorn distance
and solve the optimal transport for ne matching.

Coarse Matching The coarse matching is achieved by calculating the Gaussian correlation matrix
[10] as the matching score. Given the featureB, andF, from the last Geometric Transformer
block [10], the matching score is calculated as:

Si =exp(k Fy, Fy, K): (18)

Then a dual-softmax normalization operatb8,[19, 10] is utilized onS to reduce ambiguous matches
while converting it to the probabiliti? of mutual matching [19]:

Pij = softmax(S(i; )); softmax(S(;j))i: (29)

Finally, we select the tog-largest entries as the coarse correspondence set:

C=1f(xi;y;) i (i;)) 2 top-kiy (P ) (20)

Fine Matching At ne level matching, each correspondence is re ned to point level for establishing
ner correspondences. For each coarse correspondenaedy;, we adopt the point-to-node
grouping P, 10] to extract the local patches; andY ; from the dense point layer. We then compute
the feature similarity matris with their corresponding featur€sc, andFy; of two patches:

s= Fx‘(ij)T:pH; (21)
whered is the feature dimension.

Then the feature similarity matrix is augmented by a learnable row and column entry that serves as the
dustbin asin20, 9, 10]. The ne matching is considered an optimal transport problem solving by the
Sinkhorn Algorithm R1]. We then apply 100 iterations of row- and column-normalization (Sinkhorn
Algorithm) to compute the nal assigned matching scetgy discarding the dustbin entries. The
output point-level correspondences from patckiesandY ; are then obtained by selecting the mutual
topk entries of the score:

C=f(xi;y) i (i;j) 2 mutual top-k; (Sj )g: (22)
A.5 Additional Experimental Results

A.5.1 Scene-wise Results

We present the scene-wise Registration Recall (RR) results in Tab. 8 and Tab. 9. The results on
3DMatch [1] demonstrate our method outperforms baselines in most of the scenes. On the hard case
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like Home_2, our method improves the previous best by 3.2 pp, indicating its better registration
accuracy. While on 3DLoMatcl8], our method surpasses the strongest baseli@lér almost all
scenarios and has achieved nearly all of the best performances. This indicates that our HST shows
even greater performance improvement in low-overlap scenarios compared to high-overlap scenarios,
proving its superior robustness in handling severe conditions.

Table 8: Scene-wise registration results on 3DMatch.

Model 3DMatch
Kitchen Home_1 Home_2 Hotel 1 Hotel 2 Hotel 3 Study Lab Mean

Registration Recall (%)

3DSN [22] 90.6 906 654 89.6 821 80.8 684 600 784
FCGF [13] 98.0 943 686 967 91.0 846 761 711 851
D3Feat [12] 960 868 673 90.7 885 808 782 644 816
Predator [8] 976 972 748 989 962 885 859 73.3 89.0
CoFiNet [9] 96.4 991 736 956 91.0 846 _89.7844 893
GeoTrans[10]] 969 97.7 811 98.0 89.7 885 889 889 915
HST (Ours) 982 981 843 973 949 923 915 889 032

Table 9: Scene-wise registration results on 3DLoMatch.

Model 3DLoMatch
Kitchen Home_1 Home_2 Hotel 1 Hotel 2 Hotel 3 Study Lab Mean

Registration Recall (%)

3DSN [22] 51.4 25.9 44.1 411 30.7 36.6 140 203 33.0
FCGF [13] 60.8 42.2 53.6 531 38.0 26.8 16.1 304 40.1
D3Feat [12] 49.7 37.2 47.3 478 365 317 157 319 37.2

Predator [8] 715 582 608 775 642 610 458 39.1 598
CoFiNet [9] 76,7 667 640 813 650 634 534 496 675
GeoTrans[10]] 85.9 73.5 725 895 73.2 732 66.7 757 74.0
HST (Ours) 891 767 748 910 754 714 641 757 773

A.5.2 Additional Ablation Studies

In this subsection, we provide more ablation studies on the type of Local Exploration, and the type of
Patch Feature Transformation. Here, we provide only the Registration Recall results for comparison,
as our primary focus is the actual effectiveness of point cloud registration. In many cases, the
distribution, location, and number of correspondences can greatly affect the Inlier Ratio (IR) and
Feature Matching Recall (FMR) metrics. It is common for the IR and FMR to decrease signi cantly
even with better registration results (higher RR), which can impact the ablative analysis of each
component. The similar observations have also been made by [8], [9], and [23].

Table 10: Registration results of additional ablation studies.

Ablation Part 3DMatch | 3DLoMatch
RR(%) RR(%)
P2N grouping [9, 10] 93.2 77.2
k-NN grouping 93.5 77.8
EdgeConv [24] 93.5 77.5
Self-attention [25] 93.3 77.2
Borderless EdgeCony  93.5 77.8

The type of Local Exploration. We evaluate two different types of local exploration for extracting
local patches: the Point-to-node (P2N in the table) group26g9], and thek-NN grouping we
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use. Point-to-node grouping constructs local patches by associating each point with its nearest node
(superpoint). It can be easily extended to hierarchical local exploration by replacing nodes with lower
spatial resolution point clouds from adjacent layers. The results in Tab. 10 show that the Point-to-node
grouping strategy has a slightly lower performance tka¥iN grouping. In fact, there is not much
difference in performance between the two grouping methods. Our experience believe that the two
patches extracted by NN from same source point cloud pair may have closer distributions, which

is bene cial for subsequent overlap prediction. Therefore, we chkeBEN for local exploration.

The type of Patch Feature Transformation. We then provide an ablation study on the patch feature
transformation method. We compare the results between the vanilla EdgeXZprseff-attention

[25], and our expanded version of EdgeConv (borderless EdgeConv) in Tab. 10. Registration results
show EdgeConv-based methods perform better than self-attention. Due to the introduction of points
outside the patch to smooth the feature description and the construckelNfgraph, the borderless

one has a slight performance improvement compared to vanilla EdgeConv on 3DLoMatch.

A.6 Limitations.

The limitations of our proposed HST are 2-fold: 1) HST still involves evaluating and selecting
generated coarse correspondences. In some extreme low-overlap or noisy cases, when the quality of
putative correspondences searched by the coarse stage model is poor, it can still negatively impact
registration and lead to failure. A feasible solution is to subsequently integrate HST into the coarse
correspondence generation process to produce a more accurate match set directly. 2) Assessing patch
similarity purely from a geometric perspective is limited due to noise, locality, etc. If more priors

or features, such as color, normal maps, and semantic labels, could be introduced subsequently to
characterize neighborhood features, it would enable a more accurate coarse correspondence searching.
We think it is a promising topic for further improving the robustness of registration.

A.7 Broader Impact.

We study the problem of retrieving accurate correspondence through multi-scale consistency (MSC)
for robust point cloud registration and present a novel method to model the MSC called HST. HST
makes a rst attempt towards injecting a coarse correspondence lter into the coarse-to- ne pipeline,
allowing for more accurate and robust point cloud registration. It contributes to various applications
such as autonomous driving and robotics. For example, Simultaneous Localization and Mapping
(SLAM) tasks can bene t from our method by enabling more robust uni ed scene reconstruction.
Also, our method can help more precise scene understanding in autonomous driving as it is capable of
forming a reliable correspondence set for aligning point cloud scans at different timestamps. However
potential negative impacts may occur as it is the fundamental of various computer vision tasks. For
example, our method may fail in some severe environments like no overlapping area leading to wrong
scene representations.

A.8 Qualitative Results

We provide qualitative results on 3DMatch, 3DLoMatch, and Outdoor KITTI Odometry in Fig. 6.
The column (a) and (b) are the input source and target point clouds for registration. Column (c) shows
the estimated transformation from our proposed HST while column (d) is the ground truth alignment.

20



References

[1]

2]

[3]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Andy Zeng, Shuran Song, Matthias Niel3ner, Matthew Fisher, Jianxiong Xiao, and Thomas
Funkhouser. 3dmatch: Learning local geometric descriptors from rgb-d reconstructions. In
Proceedings of the IEEE conference on computer vision and pattern recogmpiéigas 1802—
1811, 2017.

Jianxiong Xiao, Andrew Owens, and Antonio Torralba. Sun3d: A database of big spaces
reconstructed using sfm and object labelsPtoceedings of the IEEE international conference
on computer visionpages 1625-1632, 2013.

Jamie Shotton, Ben Glocker, Christopher Zach, Shahram Izadi, Antonio Criminisi, and Andrew
Fitzgibbon. Scene coordinate regression forests for camera relocalization in rgb-d images.
In Proceedings of the IEEE conference on computer vision and pattern recogmiiges
29302937, 2013.

Kevin Lai, Liefeng Bo, and Dieter Fox. Unsupervised feature learning for 3d scene labeling. In
2014 IEEE International Conference on Robotics and Automation (ICEages 3050-3057.
IEEE, 2014.

Julien Valentin, Angela Dai, Matthias Nief3ner, Pushmeet Kohli, Philip Torr, Shahram Izadi,
and Cem Keskin. Learning to navigate the energy landscap2016 Fourth International
Conference on 3D Vision (3DWages 323-332. IEEE, 2016.

Angela Dai, Matthias Niel3ner, Michael Zollhéfer, Shahram Izadi, and Christian Theobalt.
Bundlefusion: Real-time globally consistent 3d reconstruction using on-the- y surface reinte-
gration. ACM Transactions on Graphics (ToG36(4):1, 2017.

Maciej Halber and Thomas Funkhouser. Fine-to-coarse global registration of rgh-d scans.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recogpémes
1755-1764, 2017.

Shengyu Huang, Zan Gojcic, Mikhail Usvyatsov, Andreas Wieser, and Konrad Schindler.
Predator: Registration of 3d point clouds with low overlapPhceedings of the IEEE/CVF
Conference on computer vision and pattern recognjtftages 4267-4276, 2021.

Hao Yu, Fu Li, Mahdi Saleh, Benjamin Busam, and Slobodan llic. Co net: Reliable coarse-
to- ne correspondences for robust pointcloud registratidvances in Neural Information
Processing System34:23872-23884, 2021.

Zheng Qin, Hao Yu, Changjian Wang, Yulan Guo, Yuxing Peng, and Kai Xu. Geometric
transformer for fast and robust point cloud registration.Pmceedings of the IEEE/CVF
conference on computer vision and pattern recognjtigages 1114311152, 2022.

Andreas Geiger, Philip Lenz, and Raquel Urtasun. Are we ready for autonomous driving?
the kitti vision benchmark suite. 12012 IEEE conference on computer vision and pattern
recognition pages 3354-3361. IEEE, 2012.

Xuyang Bai, Zixin Luo, Lei Zhou, Hongbo Fu, Long Quan, and Chiew-Lan Tai. D3feat: Joint
learning of dense detection and description of 3d local featurdolceedings of the IEEE/CVF
conference on computer vision and pattern recognjtiages 6359-6367, 2020.

Christopher Choy, Jaesik Park, and Vladlen Koltun. Fully convolutional geometric features. In
Proceedings of the IEEE/CVF international conference on computer yigamges 8958—-8966,
2019.

Changgian Yu, Jingbo Wang, Chao Peng, Changxin Gao, Gang Yu, and Nong Sang. Bisenet:
Bilateral segmentation network for real-time semantic segmentatioRroceedings of the
European conference on computer vision (EC@pes 325-341, 2018.

Adam Paszke, Sam Gross, Francisco Massa, Adam Lerer, James Bradbury, Gregory Chanan,
Trevor Killeen, Zeming Lin, Natalia Gimelshein, Luca Antiga, et al. Pytorch: An imperative
style, high-performance deep learning librakdvances in neural information processing
systems32, 2019.

21



[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

Diederik P Kingma and Jimmy Ba. Adam: A method for stochastic optimizatioXiv preprint
arXiv:1412.69802014.

Marco Cuturi. Sinkhorn distances: Lightspeed computation of optimal transpdvances in
neural information processing systends, 2013.

Ignacio Rocco, Mircea Cimpoi, Relja ArandjelayiAkihiko Torii, Tomas Pajdla, and Josef
Sivic. Neighbourhood consensus networkslvances in neural information processing systems
31, 2018.

Jiaming Sun, Zehong Shen, Yuang Wang, Hujun Bao, and Xiaowei Zhou. Loftr: Detector-free
local feature matching with transformers. Bnoceedings of the IEEE/CVF conference on
computer vision and pattern recognitigmages 8922-8931, 2021.

Paul-Edouard Sarlin, Daniel DeTone, Tomasz Malisiewicz, and Andrew Rabinovich. Superglue:
Learning feature matching with graph neural networks.Ptaceedings of the IEEE/CVF
conference on computer vision and pattern recognjtmages 4938-4947, 2020.

Richard Sinkhorn and Paul Knopp. Concerning nonnegative matrices and doubly stochastic
matrices.Paci ¢ Journal of Mathematics21(2):343-348, 1967.

Zan Gojcic, Caifa Zhou, Jan D Wegner, and Andreas Wieser. The perfect match: 3d point cloud
matching with smoothed densities. Pnoceedings of the IEEE/CVF conference on computer
vision and pattern recognitigrpages 5545-5554, 2019.

Fan Yang, Lin Guo, Zhi Chen, and Wenbing Tao. One-inlier is rst: Towards ef cient position
encoding for point cloud registratiomdvances in Neural Information Processing Systems
35:6982-6995, 2022.

Yue Wang, Yongbin Sun, Ziwei Liu, Sanjay E Sarma, Michael M Bronstein, and Justin M
Solomon. Dynamic graph cnn for learning on point cloud€M Transactions on Graphics
(tog), 38(5):1-12, 20109.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N Gomez,
ukasz Kaiser, and lllia Polosukhin. Attention is all you needldvances in neural information
processing system30, 2017.

Jiaxin Li and Gim Hee Lee. Usip: Unsupervised stable interest point detection from 3d point
clouds. InProceedings of the IEEE/CVF international conference on computer vigames
361-370, 2019.

22



Figure 6: Qualitative registration results on 3DMatch, 3DLoMatch, and KITTI Odometry.
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