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Abstract— Odometry estimation is a fundamental technique
for many robotics and autonomous driving applications. Recent
advances using light detection and ranging (LiDAR) and inertial
measurement unit (IMU) sensor-fusion methods show promising
potential in odometry estimation by combining the precise
perception of LiDAR and the high-frequency motion estimation
from IMU sensors. In this article, we propose a novel uncertainty-
aware LiDAR-inertial odometry (LIO) algorithm designed for
autonomous vehicles operating in urban driving environments.
Unlike previous approaches that use point-to-point or point-
to-plane methods for updates, in this article, we employ a
distribution-to-distribution approach for updates. Each point
sampled on a surface is modeled as a Gaussian distribution,
and the covariance is estimated from the decomposed eigenval-
ues by considering the correlation between the current point
and its surrounding points. The estimated covariance makes
the update module aware of match quality, allowing it to
ignore poorly matched points and focus on well-matched ones,
thereby improving odometry accuracy. In addition, it eliminates
Z-axis drift in long-term odometry estimation by using ground
plane information and linearly adjusts pose uncertainty based
on optimized pose values. This unified approach to managing
uncertainty is essential for the system’s long-term stability and
accuracy. We thoroughly evaluated our method using multiple
publicly available datasets. The experimental results show that
our method is accurate and reliable in dynamic urban environ-
ments and achieves state-of-the-art LIO performance with fast
speed and strong generalization ability. We will release the code
of our method here: https://github.com/Gatsby23/UA-LIO.git.

Index Terms— Autonomous driving, iterated error-state
Kalman filter (IESKF), light detection and ranging (LiDAR)-
inertial odometry (LIO), simultaneous localization and mapping
(SLAM), state estimation.
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I. INTRODUCTION

DOMETRY or ego-motion estimation is a fundamen-

tal task for many robotics and autonomous driving
applications. It provides the pose information of the robot
or vehicle online and plays an important role in down-
stream tasks, such as simultaneous localization and mapping
(SLAM) [1], [2], [3], [4], global localization [5], and path
planning [6], [7]. Recently, multisensor fusion approaches
have shown advances in the odometry estimation task under
urban driving environments. The approaches using inertial
measurement unit (IMU) together with 3-D light detection and
ranging (LiDAR) sensors have gained a lot of interest due to
their accurate and reliable performance under GNSS-denied
environments.

The fusion of these two sensors enhances accuracy by
compensating for the deficiencies of each modality. The core
concept of these algorithms is to use LiDAR data to correct
IMU-induced drift. Based on the used constraint function, they
are categorized as either loosely coupled or tightly coupled.
Loosely coupled strategies estimate the vehicle’s pose by
integrating independent estimates from the two sensors, with
LiDAR-inertial odometry LIO-SAM as a notable example
that employs pose graph optimization. In contrast, tightly
coupled approaches enhance localization accuracy through
direct observations. For example, LIO-Mapping employs
optimization techniques, while FAST-LIO2 utilizes filtering
methods. Benefiting from the precise sensing capabilities of
LiDAR and the high-frequency motion estimation provided by
IMU sensors, filter-based LIO systems have become increas-
ingly favored for their ability to maintain high accuracy
while meeting low computational demands through correctly
matched LiDAR features. Although current LIO algorithms
have demonstrated good accuracy, they often overlook the
issue of mismatched outliers, which is a common problem
in LIO systems.

In practical urban environments, LIO algorithms primar-
ily face two challenges: pose drift caused by mismatched
features during the update process, and Z-axis drift caused
by sparse vertical observations from LiDAR. First, regarding
the mismatch issue, researchers generally attribute it to the
presence of dynamic objects in the scene, which violate the
static environment assumption of SLAM systems, leading to
significant trajectory drift. Although deep learning methods
have been employed to identify and exclude these dynamic

1557-9662 © 2025 1IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: HEFEI UNIVERSITY OF TECHNOLOGY. Downloaded on March 22,2025 at 02:39:35 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-9369-394X
https://orcid.org/0000-0003-0955-6681
https://orcid.org/0000-0003-4238-3567
https://orcid.org/0000-0003-3115-6625
https://orcid.org/0000-0002-3265-7133
https://orcid.org/0000-0002-9452-7967
https://orcid.org/0009-0007-9339-2339
https://orcid.org/0000-0003-4218-8008
https://orcid.org/0000-0002-8741-776X
https://orcid.org/0000-0003-1025-1260

8502912

@ The static point @ The moving Point The moving objects on the street

The ground plane point

oty L
s 3.

True
Point

rror & oint
&= [Pmap = Tt * Pridar

Ground plane constraint

The autonomous driving car on the street

Fig. 1. Odometry estimation in a dynamic urban driving environment. Our
method models the uncertainty of each LiDAR point to mitigate mismatches
during the matching process, and leveraging the ground plane information to
achieve accurate LIDAR odometry results.

objects to reduce mismatches and enhance pose accuracy, the
inherent lack of texture information in LiDAR data makes
it exceedingly challenging to completely avoid mismatches
in complex urban scenarios. Second, concerning the Z-axis
drift, some researchers attempt to directly enhance the Z-axis
accuracy using ground information provided by LiDAR. How-
ever, this approach can lead to inconsistencies in the system
state within tightly coupled LIO systems, potentially result-
ing in decreased system performance or even failure. Thus,
effectively tackling these two issues is vital for enhancing the
stability and precision of LIO algorithms.

In this article, we have developed an uncertainty-aware LIO
algorithm to tackle two major challenges encountered when
deploying in urban environments, as shown in Fig. 1. For the
first issue, we introduce an update module that incorporates
distribution-to-distribution constraints. Each LiDAR point is
treated as a sample point on a locally sampled plane, and its
relationship with surrounding points is modeled as a Gaussian
distribution. By incorporating the uncertainty derived from
this distribution into the update module, this method enhances
the correction of correctly matched point pairs and reduces
the negative impacts of incorrect matches. For the second
issue, considering that the Gauss—Newton method and iterative
Kalman filtering are equivalent in nonlinear optimization prob-
lems, we treat the ground constraint optimization process as
an update process of the extended Kalman filter. By analyzing
the changes in the pose before and after optimization and
the constraint equations in the optimization process, we can
approximate the gain matrix during the update process and
thus estimate the pose uncertainty after optimization. Adjust-
ing the pose uncertainty effectively enhances the stability of
the LIO system, making long-distance stable operation in
urban environments possible.

In conclusion, we make three key claims.

1) We propose a novel LIO algorithm system that sig-
nificantly enhances the localization accuracy over long
trajectories in large urban environments. This algorithm
will be open-sourced to make a contribution to the
autonomous driving algorithm community.

2) Our algorithm addresses the common issue of mis-
matched features in autonomous driving scenarios by
utilizing a proposed covariance estimation module. This
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module estimates covariance based on the decom-
posed eigenvalue from a Gaussian distribution of the
surrounding geometric information. The proposed mod-
ule reduces attention to mismatched point pairs and
increases attention to correctly matched pairs, thereby
enhancing the accuracy of the LIO system.

3) To mitigate z-axis drift over long trajectories in
autonomous driving scenarios, we not only use ground
plane information to suppress drift but also propose a
unified management of pose uncertainty for pose opti-
mization. This unified management is key to maintaining
system stability over long-term trajectories.

II. RELATED WORK

In this section, we review works that use IMU, LiDAR,
and LiDAR-inertial for the odometry task in real urban envi-
ronments. Both IMU [8] and LiDAR [2], [9] sensors have
been widely used individually in pose estimation for robotics
and autonomous driving applications. IMU is small, cheap,
and with high sensor frame rates thus has been applied to
obtain pose information for mobile systems [8]. It is however
influenced by accumulated drift and usually combined with
additional sensors such as LiDAR to achieve accurate odome-
try estimation. Using LiDAR data to estimate the status of the
sensor is a classic topic in robotics and autonomous driving.
One of the primary methods is the iterative closest point
(ICP) algorithm [10]. It aligns two point clouds together and
obtains the relative transformation between them. However,
the sparsity of the LiDAR data would naturally cause a
mismatch during the data association between consecutive
scans. To tackle this issue, Zhang and Singh [2] propose
LOAM, which uses the point-to-edge and the point-to-plane
distance to optimize the ICP error and achieve more accurate
odometry estimates. Other variants of LOAM, such as LeGO-
LOAM [9], a lightweight and ground-optimized algorithm,
utilize ground plane information to inhibit Z-axis drift in
a two-step optimization-based pose estimation. This type of
method uses only LiDAR data, which is vulnerable to fea-
tureless environments.

Combining LiDAR and IMU for odometry becomes the
trend for more reliable odometry by fusing the individual
advantages and compensating for the disadvantages of each
sensor. Several LiDAR-inertial-based odometry methods have
been proposed [11], [12] and can be typically divided into
two groups: the optimized-based algorithms [13], [14], [15]
and the filter-based algorithms [16], [17]. For the optimization
algorithm [12], [18], the LIO-SAM proposed by Shan et al.
[12] performs the best. It uses the sensor odometry estimates
to build the factor graph and correct the pose via pose graph
optimization. The filter-based algorithms consist of two steps.
They first use IMU propagation result to predict the current
status of the sensor system and then use the LiIDAR measure-
ments to correct the biases. The FAST-LIO2 by Xu et al. [19]
achieves state-of-the-art performance in LIO, which uses the
flat features of the scan together with the point-to-plane error
distances to correct the biases. Both algorithms rely on the
point cloud registration results for updating the pose, which
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Fig. 2.

Overview of the proposed LIO method. Our method is based on the IESKF-based framework to fuse the LiDAR observations with the IMU pose

estimates. The main process of our method is to use the proposed covariance to improve the poses’ accuracy within the IESKF framework. It then uses the
ground plane constraints to eliminate the z-axis drift and further optimize the odometry results.

typically works well in static environments while failing in a
dynamic world.

To tackle the problem of mismatches in urban driving
scenarios, there are multiple works [20], [21], [22], [23], [24],
[25] using semantic information to filter out the dynamic
object to improve LiDAR-based pose estimation. For example,
the semantic-enhanced LiDAR SLAM by Chen et al. [1] uses
the multiclass semantics from a neural network to filter out the
moving pedestrians, cars and other potentially moving objects
on each LiDAR scan. However, this method relies on the
multiclass semantics and may wrongly remove some useful
information such as parked cars. To tackle this issue, they later
propose LiDAR moving object segmentation [21], [22], [23],
[24] that distinctions between the truly moving objects and the
potentially moving objects. These methods only use LiDAR
data, which may fail in featureless environments. The most
related work to ours is by Qian et al. [26], which exploits the
moving object semantics to improve LIO results. However,
it relies on a hand-crafted model, which may need careful
parameter adjustment and its implementation is not publicly
available. However, no algorithm can completely eliminate
dynamic information in the scene. Even if dynamic informa-
tion is entirely removed, mismatches will still occur due to the
inherent lack of texture in the laser data. There have been some
works leveraging covariance to mitigate these issues [27], [28],
[29], [30], but most of them struggle to operate effectively over
large-scale and long-distance trajectories.

Unlike all existing methods, our approach focuses more
on the uncertainty-aware odometry estimation under dynamic

urban environments and explicitly exploits ground information
to enhance the LIO and obtain more accurate pose estimation.

III. METHOD

The overview of our system is shown in Fig. 2. Our method
uses a filter-based framework (see Section III-A) to fuse the
LiDAR observations with the IMU pose estimates. It has
two main modules: the uncertainty-aware enhanced odometry
estimation module (see Section III-C), and the ground plane
optimization module (see Section III-D). We will first review
the iterated error-state Kalman filter (IESKF) framework as
applied to LiDAR-Inertial systems and provide an in-depth
examination of these two specific modules.

A. Background and Notion

Before diving into our proposed method, we first briefly
introduce notations used in LIO and the IESKF-based pipeline.

We define the true state x of the IMU body frame at
timestamp k as

_[GRT GPT IRT IPT GV}F bT bT Ggl] (1)

The left superscript represents the coordinate and the right
subscript represents the body frame of the current sensor. The
G represents the first IMU frame as the global coordinate.
GR; € SO(3) and GP;'— € R3 represents the orientation and
position of the IMU body frame in the global coordinate.
The transformation from the LiDAR frame to the IMU frame
is represented as ['Rg P.], where the 'R, € SO(3) and
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the /P, € R3. The v, represents the global velocity of the
IMU body. The b, and b, are the IMU biases modeled
as the random walk process, which is further described in
Section III-C. The ®g is the gravity under the global frame.

Here, we give a brief description of the IESKF. Different
from the extended Kalman filter algorithm, the IESKF is the
recursive form of the Gauss—Newton algorithm. It defines the
propagation of the IMU estimate as the predicted state X with
the process noise @ and the true state x without the noise
disturbance. The measurements of the LiDAR observations are
defined as y; = h(Xy, ¢). So the update step is to minimize
the equation below

minl e~ %3+ [0 0) |y @

For the propagation part, the body state at time k is denoted
as xi. The predicted state X, at time k + 1 is f (X, u) and
the true state X, is f(X¢, 0). The function f(-) represents the
kinematic of the nonlinear discrete-time system. So the error
state dx at time k + 1 is represented as

8Xpq1 = Xpq1 — Xppl 3
~ Fiéx; + Gy 4)

where the matrix F; and the matrix Gy is the Jacobian matrix
of the kinematic model with respect to the error state and the
noise vector.

The covariance is updated as

Py = FPF! 4+ GQGT (5)

where the Q is the process noise covariance matrix.

For the update part, the linearization point is x} at each
iterations and the start point x2 +1 = Xi41. The right superscript
represents each iteration i. So we get

e =1 _
Ki, = (P, +H'¢'H) H'¢! 6)
5Xk+1 =K, (H, (8%41) — h(xi, 0)) (7
X =85+ oxd) ®)

where the H is the Jacobian of the error state at each
linearization point. After convergence, the covariance is

Pi = (- KH)Py, ©9)

where Py and X, are then used as the initial guess for the
next iteration.

B. Distribution-Based Awareness of Point Uncertainties

In this section, we will provide a detailed description of
how to make each LiDAR point-matched pair to be aware
of its uncertainty. Inspired by [28] and [31], we assume that
each LiDAR point is sampled at the surface as the center of
a local plane. The position of each LiDAR point is the center
of this plane and we describe this sampling as a Gaussian
distribution: Lp; ~ AN (Yp;, ;). The covariance matrix X;
describes the correlation between the current point and its
20 surrounding points. As shown in Fig. 3, considering that
each point is a sample of a local plane on an object’s surface,
the correct paired points should have the same plane normal.
More specifically, the uncertainty along the plane normal
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Fig. 3. Estimation of uncertainty for each LiDAR point.

vector should be lower. So we normalize the covariance matrix
by replacing its eigenvalue with (1, 1, €), where € is a small
value (we set it as le™> in this article).

C. Uncertainty-Aware-Enhanced Odometry Estimation

There are two steps in our filter-based odometry method,
odometry propagation from the IMU and pose correction using
the LiDAR observation. We build our method upon the IESKF
framework. We inherit the pose propagation part but change
the pose correction by integrating our aware uncertainties into
the updation modules. Different from existing methods that use
point-to-plane error metrics in updation modules, our approach
utilizes distribution-to-distribution error metrics, incorporating
uncertainties derived from Section III-B, to achieve more
robust results.

We select the ith point from the current scan as ‘p;, and
¥; is its corresponding uncertainty. The associated map point

in the online built local map is represented as “p;. The
observation function y,, is defined as follows:

Yo, =p; = “T; - 'T. - bp,

o~ (0,2 + 9T, T, %,"T; °T]) (10)

where °T; is the matrix form of the [°R], “P] ] and the T,
is the matrix form of the ['R], P} ]. We use the KD-Tree to
do the association, and align the current scan with the online
built local point cloud map.

Combined the uncertainty from (10), the ith row the matrix
H derived from the ith residual is calculated as

H,-:g,.[GR,T[’p]X LR} 'R} [p]. GR,T]. (11)

The matrix & is the result of performing Cholesky
decomposition on the matrix (£; + “T,/T,X;/T;°T)).
By substituting H to (6)—(9), we obtain an enhanced odometry
estimates.

D. Ground Plane Optimization

Besides using the aware uncertainties for rejecting the
outliers of paired features to improve the pose correction,
our method further exploits the ground plane information to
eliminate the z-axis drift in a back-end manner. Inspired by
the works [32], [33], we built the ground-plane constraints
upon the pose-graph optimization in the same sliding window
{Sk_n, ..., Si_i..., Si}. We assume that autonomous cars
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TABLE I
IMU PARAMETERS OF URBANNAV AND ECMD DATASETS

Value

400 [HZ)
1.0270904839 x 102 [ rad/s/v/Hz ]
9.1355383994 x 10795 [ rad/s2/v/Hz |
1.1197412605 x 1092 [ m/s2/v/Hz |
1.1751767903 x 10~ % [ m/s3/v/Hz |
9.805 [m/s?]

Parameter

IMU rate

Gyroscope noise density
Gyroscope random walk
Accelerometer noise density
Accelerometer random walk
Magnitude of gravity

TABLE 11
IMU PARAMETERS USED IN REAL-WORLD CAMPUS-LIKE SCENARIOS

Value

120 [HZ]

1.5717 x 10~%4 [ rad/s/v/Hz ]
1 x 10795 [ rad/s2/v/Hz ]
4.1893 x 10794 [ m/s?/v/Hz |
1.932 x 1079 [ m/s3/v/Hz ]
9.805 [m/s?]

Parameter

IMU rate

Gyroscope noise density
Gyroscope random walk
Accelerometer noise density
Accelerometer random walk
Magnitude of gravity

TABLE III
IMU PARAMETERS USED IN SIMULATED SCENARIOS

Value

120 [HZ]

1 x 10793 [ rad/s/v/Hz ]
1 x 10795 [ rad/s?/v/Hz ]
1 x 10792 [ m/s?2/v/Hz ]
1 x 10794 [ m/s3/v/Hz |
9.805 [m/s?]

Parameter

IMU rate

Gyroscope noise density
Gyroscope random walk
Accelerometer noise density
Accelerometer random walk
Magnitude of gravity

always touch to the ground, and that the ground is always flat
without significant fluctuations. The constraint function can be
defined as yop, = Yep, + ¥po,- Within the past ith scan S;_;
in the sliding window, we defined the ground plane constraint
function yyp,, as

8502912

The minimal parameterization of the ground plane normal
information is: T () = [qﬁ v d] and for each scan S;_;, it is

represented as
[arctan (Z—‘) , arctan (l”—) ,d ]
X n|

Yep, = Tp—y — T(T )i

()i = (14)

15)
which projects the global plane information into the (k — i)th

coordinate, aligns the z-axis to reduces the drift. The y,, =
[ye, yrl is defined as follows:

_Ip'Gp!' G
yo=""R, "R, "Ry,
Iy GpT (G G
P, — RIM( P, — PIH).

(16)
a7)

yr

In order to calculate the covariance matrix corresponding
to the optimized pose, we treat the optimized pose as the true
state x and the preoptimized pose as the predicted state X
in Section III-A and get the error state §x thorough (4).
The corresponding covariance 13k+1 is the concatenation
of the covariances corresponding to each preoptimized pose
in the sliding window. The linearized matrix H is defined as
H= [ng H, H]]". The Hy, is

ep  Iep
H,, = | 054 _— - 18
gp |: 3x6 IR 9P ( )
Hy = [036 Liys 053] (19)
Hp = [03.6 05,3 "'Rg]. (20)

In order to simplify the equation, we denote the symbol
k~in as n’ and the *~'d as d’. According to the chain the rule,
the (0ygp/0R) is (21) and (22), as shown at the bottom of the
next page.

The (0ygp/0P) is

0 0
0yep  Dyep 0
Fo Do _1 o 0 0 (23)
0P~ od’ 9P e w

—n'y —n'y —n,

By substituting the H, §x, and the f’k+1 into (6)—(9),
we obtain the consistent covariance of the optimized state.

keipT — k=iR,_y . A=NpT (12) From practical testing, the rotation estimation itself is rel-
i - . atively accurate, so we only adjusted the position in the
g — k—Nd _k—=N P._. k=i nT (13) R X
k—i : optimization process.
d dygp oM’
OYep _ O¥ep O 21)
oR on’ JR
/
M L 0
n?+nf? n? +n? .
! ol 2
=] n.n', 3 n.n, |n’| —n
3 3 3
2 2 2)2 2 2 2)2 2 2 2)2
(22 +n2) (A n2) (n2 4R 4 n?)’
—P, -P, —P,
3ygp
on’
— R[n] (22)
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TABLE IV
LIO RESULTS COMPARISON ON THE ECMD DATASET

Algorithms Easy (620.078m) Medium (805.216m) Difficult (153.147m)
RMSE (m) MAX (m) MEAN (m) STD (m) | RMSE (m) MAX (m) MEAN (m) STD (m) | RMSE (m) MAX (m) MEAN (m) STD (m)
DLO* 1.374 2.734 1.243 0.586 2.401 5.133 2.117 1.132 0.517 2.951 0.405 0.321
FAST-L1IO2 1.519 2.650 1.409 0.565 1.749 3.044 1.643 0.599 0.576 2.928 0.413 0.401
FASTER-LIO 1.650 3.019 1.533 0.610 1.988 3.634 1.850 0.727 0.574 2.921 0.410 0.401
VoxelMap++ - - - - 1.626 3.874 1.491 0.647 0.624 2.851 0.481 0.398
Point-LIO 1.263 2.661 1.134 0.555 1.965 4.125 1.698 0.988 0.562 2.898 0.399 0.395
PV-LIO 2.199 4318 1.952 1.013 1.608 2.932 1.470 0.649 0.620 2.943 0.470 0.404
LIO-SAM 1.145 2.661 1.066 0.416 1.704 3.726 1.530 0.751 0.565 2.893 0.402 0.397
UA-LIO 0.952 1.754 0.905 0.296 1.547 2.900 1.454 0.526 0.468 2.969 0.347 0.314
Note: Bold values indicate the best result per column. ”-” denotes cases where the algorithm did not complete the course (drifted).

Xsens-MTI-30

Fig. 4. Autonomous driving suite used in the UrbanNav and the ECMD
dataset, including a Velodyne HDL-32E LiDAR sensor and an Xsens
MTI-30 IMU.

IV. EXPERIMENTAL EVALUATION

Our experimental results are designed to support our claims

that our method.

1) Achieving state-of-the-art performance in real-world
urban autonomous driving environments, especially for
the long-term journey trajectory and demonstrating good
generalization across different scenarios.

2) Successfully reducing the impact of mismatches on
the accuracy of LiDAR odometry through aware
uncertainties.

3) Effectively suppressing the Z-axis drift issue and ensur-
ing long-term operability by adjusting the uncertainty
corresponding to the optimized pose.

The experimental results in this article well support these

viewpoints.

A. Datasets and Experimental Setups

To comprehensively evaluate our method, we conducted
extensive tests using public datasets, self-collected datasets,
and simulation datasets. For the public datasets, we tested our
algorithm on the UrbanNav [34] and ECMD [35] datasets,
both of which were collected in Hong Kong at different times
using the same autonomous driving suite. As shown in Fig. 4,
this suite includes a LiDAR sensor (Velodyne-32) and an
IMU (MTI-300). As mentioned earlier, these datasets contain
a significant number of dynamic objects, reflecting common
scenarios in autonomous driving, which pose substantial chal-
lenges to the LIO algorithm. However, the difficulty of each
dataset varies: the ECMD dataset contains a large number of
pedestrians, and since it is currently impossible to completely
eliminate dynamic objects through deep learning, this dataset
effectively tests our algorithm’s robustness against mismatches
caused by dynamic objects. On the other hand, the UrbanNav
dataset, with numerous dynamic vehicles and driving distances

. The IMU: Netwon-M2

Fig. 5. Platform we used in the campus environment.

exceeding 3 km, allows us to validate the robustness of our
algorithm over long distances. Ground truths for all these
datasets were generated using high-precision inertial naviga-
tion devices integrated with GPS positioning.

To validate the generalization capability of our algorithm
and its performance in real-world scenarios, we conducted data
collection and algorithm testing using a self-collected dataset
on the campus of Shanghai Jiao Tong University, as shown
in Fig. 5. We collected low dynamic, medium dynamic, and
high dynamic sequences based on the varying pedestrian
traffic at different times on campus. The final test results
demonstrate that our algorithm performs exceptionally well in
real-world road environments, exhibiting strong generalization
capabilities.

In the following experiments, we will compare our proposed
method with various open-sourced LiDAR-inertial systems.
Considering that our proposed LIO core module primarily
consists of point-to-point constraints and the covariance esti-
mation, we will compare it with similar algorithms such
as Point-LIO [36], VoxelMap++ [29], and PV-LIO [37].
Point-LIO is based on the point-to-point constraint, while
VoxelMap++ and PV-LIO also consider covariance to
enhance localization quality. In addition, we will compare it
with the classical methods, particularly for long-term jour-
neys, like Direct LIDAR Odometry [28], a loosely coupled
LiDAR-inertial algorithm; FAST-LIO2 [11], a tightly coupled
IESKF-based sensor fusion algorithm and its more efficient
variant [16]; and LIO-SAM [12], an optimization-based LIO
algorithm. For all comparative algorithms, we adjusted the
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TABLE V
LIO RESULTS COMPARISON ON THE REAL-WORLD ENVIRONMENTS
. Low Middle High
Algorithms
RMSE MAX MEAN STD | RMSE MAX MEAN STD | RMSE MAX MEAN STD
DLO 0.817  2.368 0.677 0.457 1.113 3.038 0.915 0.634 | 0922 2012 0.808 0.444
Fast-LIO2 0.890 2416 0.816 0.355 0.873 2.337 0.791 0.371 1.036  2.669 0.900 0.513
Faster-LIO 1.015 2.254 0.912 0.445 drift drift drift drift drift drift drift drift
Point-LIO 0.890  2.554 0.823 0.355 1.523 3.802 1.322 0.756 | 0.680 1.408 0.650 0.200
UA-LIO 0.683 2.512 0.454 0.389 0.707  2.395 0.587 0.393 0.622 1.183 0.575 0.237
Note: Bold values indicate the best result per row. “drift” denotes cases where the algorithm did not complete the
course (drifted).
TABLE VI
LIO RESULTS COMPARISON ON THE URBANNAV DATASET

Aleorithms Medium (3641.810m) Deep (4506.624m) |

g RMSE (m) MAX (m) MEAN (@m) STD (m) | RMSE (m) MAX (m) MEAN (m) STD (m)
DLO* 5.467 11.554 4.751 2.704 - - - -
FAST-LIO2 8.321 15.815 7.451 3.704 6.165 14.827 5.448 2.885
FASTER-LIO 10.002 21.081 8.947 4.470 6.810 16.669 6.089 3.069
Point-LIO 10.955 23.577 10.017 4.434 13.608 33.419 11.282 7.607
VoxelMap++ - - - - - - - -
PV-LIO - - - - - - - -
LIO-SAM 10.578 16.521 6.121 3.897 10.500 27.793 8.009 6.790
UA-LIO 2.591 3.014 1.554 0.532 3.902 7.275 1.885 1.102
Note: Bold values indicate the best result per column. ”-” denotes cases where the algorithm did not complete

the course (drifted).

extrinsic parameters between the LiDAR and IMU and the
intrinsic parameters of the IMU for different datasets, setting
them as outlined in Tables I-III, while maintaining the other
parameters at their default values. The experimental results
presented in Tables IV-VI demonstrate the state-of-the-art
performance of our algorithm.

We follow these methods to use the absolute trajectory error
(APE) to evaluate the algorithms’ performance. We selected
four metrics, RMSE, MEAN, MAX, and STD, to evaluate
the algorithms, and utilized the open-sourced tool evo [38]
for computation. We run all the algorithms on an Intel i9
13900KF@3.0 GHZ with 32 cores with 32-GB RAM and an
Nvidia RTX 4090 with 24-GB RAM.

B. LIO Performance

In the first experiment, we show the comparison of
LIO performance between our proposed method with other
LIO methods on the ECMD dataset [34] and UrbanNav
dataset [34], which supports that our proposed method
achieves the state-of-the-art LIO performance and generalizes
well to different environments.

1) ECMD Dataset: For the ECMD dataset, we show the
LIO results on three sequences in Table IV. The trajectories
in the Dense street part, while not long, contain numerous
dynamic objects, representing the primary challenge faced by
LIO algorithms in urban bustling scenarios. Based on the

number of dynamic objects, we selected three sequences from
the dataset: Dense street night easy e, Dense street day medium
circle a, and Dense street day difficult. These were used to
test our algorithm and are simplified to easy, medium, and
difficult in the following. Since the dataset involves bumpy
road conditions, which cause rapid variations in ground infor-
mation that contradict the flat terrain assumption presented in
Section III-D, we have frozen the ground optimization module
in this case.

As shown in Table IV, the RMSE values indicate that
our algorithm performs the best in all sequences and the
STD values indicate that our algorithm is more robust
than other algorithms. Although the MAX value of our
algorithm performance on the difficult sequence is slightly
inferior to other algorithms, considering that this metric
is primarily used to evaluate the algorithm performance
in the worst case scenario and its stability, our result is
only slightly lower than the optimal algorithm, indicating
that our algorithm remains stable even in extreme situations
without crashing. Fig. 6 provides a more intuitive display
that our algorithm is better than others. This robustness
is primarily attributed to the uncertainty-aware distribution-
to-distribution update module, which effectively handles
challenging urban scenarios with dynamic objects and frequent
mismatches.

2) UrbanNav Dataset: We also provide the quantita-
tive analysis of LIO performance for different algorithms
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Fig. 7. xy-trajectory qualitative results of the top three ranked LIO algorithms on the UrbanNav datasets.

in Table VI. The UN-hk-medium sequence covers a typical
urban canyon of Hong Kong. Its involves high-rise build-
ings, numerous dynamic objects, which is a challenge to the
LiDAR sensors. The UN-hk-deep sequence was collected in
a narrow street with numerous moving objects while fewer
static landmarks. To better visualize and understand the results,
we show the xy-trajectory results in Fig. 7 and z-trajectory
results in Figs. 8§ and 9. As can be seen in Fig. 7, our
method generates accurate trajectories consistently in all four
sequences. Especially in the UrbanNav hk-meidum sequence,
the odometry trajectory estimated by our approach is very
close to ground truths even when other methods fail due to the
moving objects. The z-trajectory results in Figs. 8 and 9 shows
that benefiting from the devised ground-plane optimization,
our method has much less error in the z-axis compared to
other methods.

3) Real World Dataset: As shown in Table V, we conducted
data collection in real road environments on the campus of

Shanghai Jiao Tong University. Unlike the 32-line LiDAR
sensor used in previous public datasets, we employed a 16-line
LiDAR sensor and categorized the collected sequences into
low-traffic, medium-traffic, and high-traffic sequences based
on the number of dynamic objects. The experimental results
demonstrate that our algorithm exhibits strong generalization
capabilities and performs excellently across various real-world
scenarios.

C. Ablation Study

In this section, we primarily discuss the impact of different
modules on the performance of the algorithm. Specifically,
we analyze the uncertainty-awared module in the odometry
estimation module and the importance of the covariance
adjustment after the ground plane optimization during long-
term tracking. The prior module is to effectively reduce
trajectory drift caused by mismatches, while the latter ensures
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the stability of the algorithm during long-distance operations.
To validate these points, we used various datasets. To disable
the uncertainty-aware module, we set & in (11) to an identity
matrix, indicating that all matches contribute equally to the
IMU bias update. For validating the covariance adjustment
module, we referenced the loosely coupled approach com-
monly used in integrated navigation, scaling the covariance
at the pose correspondences by a factor of ten, either increas-
ing or decreasing it, represented as Ground’ and Ground*,
respectively.

To evaluate the impact of different modules on the
algorithm’s performance, we conducted a comprehensive abla-
tion study. The proposed algorithm is designated as UA-LIO.
To facilitate the ablation study, we define specific variants:

8502912

TABLE VII
ABLATION STUDY ON THE PROPOSED MODULES

Cov | Ground | Ground’ | Ground™ | APE (m)

X X X X 7.995
X v/ X X 8.209
X X v/ X -
X X X 4 -
v X X X 3.894
v 4 X X 2.481

UA-LIO* represents the algorithm incorporating only the
covariance estimation module, UA-LIO" denotes the version
including only the ground constraint module, and UA-LIO*
refers to the configuration where both modules are excluded.
We had the vehicle follow the exact same trajectory in both
purely static and dynamic scenarios. The presence of dynamic
objects increases the likelihood of mismatches, which further
highlights the advantages of our module. To achieve this, we
conducted simulation-based tests using the AirSim simulator,
as depicted in Fig. 10, which allowed the vehicle to navigate
through the same urban area under both conditions. The
noise parameters of the IMU in the simulation are shown
in Table III. As shown in Fig. 11, the test results indicate
that even in purely static scenarios, the comparison algorithm
FASTLIO?2 still exhibits significant drift. This supports the
point we claimed in Section I: mismatches are not caused only
by dynamic objects. The inherent limitation of LiDAR point,
capturing only positional information without texture details,
also leads to mismatches. The uncertainty-aware distribution-
to-distribution update module, however, can effectively reduce
the impact of such mismatches.

Table VII demonstrates that both the uncertainty-aware
distribution-to-distribution update module and ground con-
straints significantly improve the odometry accuracy of the
LIO algorithm in urban scenarios. However, in the absence
of uncertainty considerations, the inclusion of the ground
constraint module results in inferior performance compared
to its exclusion. This phenomenon can be attributed to the
dependency of ground constraints on the accuracy of the initial
pose estimation. Without the incorporation of uncertainty
information, estimated poses lack sufficient precision, thereby
undermining the effectiveness of the ground constraint module
and leading to suboptimal outcomes.

D. Runtime Results

In this section, we demonstrate that our algorithm is capable
of real-time operation. The average processing time is obtained
by measuring the execution time across multiple trials on
real environment datasets to ensure robustness and accuracy
in our performance evaluation. The most time-consuming
components of our method are the ground normal estimation
module, the covariance estimation module, and the update
module, while the propagation step requires only 2 ms. For the
covariance estimation module, we leverage OpenMP for paral-
lel processing, reducing the computation time to approximately
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Fig. 10. Simulated scenarios created in AirSim with added dynamic vehicles.

APE Results in The Simulated Static Environment.
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Fig. 11.

2 ms per scan. The ground estimation module takes around
7 ms per scan. The distribution-to-distribution update module
averages 45 ms per scan. As a result, the total average
processing time of our algorithm is 56 ms, which is faster
than the frame rate of the LiDAR sensor, ensuring real-time
performance.

V. CONCLUSION

In this article, we presented a novel uncertainty-aware LIO
method for autonomous driving in urban environments. Our
method leverages the proposed odometry combined with our
uncertainty estimation module to filter out mismatched fea-
tures and utilize ground plane information, thereby enhancing
LIO performance. We evaluated our approach across various
datasets and compared it with other existing methods. The
experimental results suggest that our algorithm achieves state-
of-the-art performance in terms of odometry accuracy and
generalizes well across different urban environments.

In the future, we will explore more robust LIDAR odometry
estimation algorithms and work toward developing a more
universal ground model to handle variations in ground infor-
mation, thereby enabling the application of ground constraints
under changing terrain conditions.
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