remote sensing

Article

D-VINS: Dynamic Adaptive Visual-Inertial SLAM with IMU
Prior and Semantic Constraints in Dynamic Scenes

Yang Sun !, Qing Wang 1'*, Chao Yan 12, Youyang Feng !, Rongxuan Tan !, Xiaoqiong Shi ! and Xueyan Wang !

check for
updates

Citation: Sun, Y.; Wang, Q.; Yan, C.;
Feng, Y,; Tan, R.; Shi, X.; Wang, X.
D-VINS: Dynamic Adaptive
Visual-Inertial SLAM with IMU Prior
and Semantic Constraints in Dynamic
Scenes. Remote Sens. 2023, 15, 3881.
https://doi.org/10.3390/rs15153881

Academic Editors: Danfeng
Hong, Liang-Jian Deng

and Gemine Vivone

Received: 26 May 2023
Revised: 25 July 2023
Accepted: 1 August 2023
Published: 4 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Instrument Science and Engineering, Southeast University, Nanjing 210096, China;
220213632@seu.edu.cn (Y.S.); chaoyan@seu.edu.cn (C.Y.); 230159565@seu.edu.cn (Y.E);
220213596@seu.edu.cn (R.T.); b19040502@njupt.edu.cn (X.S.); 220223322@seu.edu.cn (X.W.)

School of Electrical Engineering and Automation, Changshu Institute of Technology, Changshu 215500, China
*  Correspondence: wq_seu@seu.edu.cn

Abstract: Visual-inertial SLAM algorithms empower robots to autonomously explore and navigate
unknown scenes. However, most existing SLAM systems heavily rely on the assumption of static
environments, making them ineffective when confronted with dynamic objects in the real world. To
enhance the robustness and localization accuracy of SLAM systems in dynamic scenes, this paper
introduces a visual-inertial SLAM framework that integrates semantic and geometric information,
called D-VINS. This paper begins by presenting a method for dynamic object classification based
on the current motion state of features, enabling the identification of temporary static features
within the environment. Subsequently, a feature dynamic check module is devised, which utilizes
inertial measurement unit (IMU) prior information and geometric constraints from adjacent frames
to calculate dynamic factors. This module also validates the classification outcomes of the temporary
static features. Finally, a dynamic adaptive bundle adjustment module is developed, utilizing the
dynamic factors of the features to adjust their weights during the nonlinear optimization process.
The proposed methodology is evaluated using both public datasets and a dataset created specifically
for this study. The experimental results demonstrate that D-VINS stands as one of the most real-
time, accurate, and robust systems for dynamic scenes, showcasing its effectiveness in challenging
real-world scenes.

Keywords: VSLAM; dynamic environments; object detection; geometric constraint; IMU prior constraint

1. Introduction

Simultaneous localization and mapping (SLAM) [1] is a crucial technology for ad-
vanced robotics applications, enabling collision-free navigation and environment explo-
ration [2]. SLAM heavily relies on the sensors carried by robots to simultaneously achieve
high-precision localization and environment mapping. Visual SLAM (VSLAM) [3,4] uti-
lizes cameras to estimate the robot’s position, offering several advantages such as cost-
effectiveness, lower energy consumption, and reduced computational requirements. Over
the last decade, the VSLAM framework has witnessed rapid development, with notable
frameworks such as SOFT2 [5], VINS-Mono [6], ORB-SLAM3 [7], and DM-VIO [8]. Most of
these algorithms employ optimization-based methods to construct epipolar constraints, BA,
or minimum photometric constraints with features in the environment. VINS-Fusion [9]
leverages optical flow to track feature points in the front end and optimizes the minimum
reprojection error to solve the poses with BA in the back end. ORB-SLAM2 [10] uses ORB
feature points to improve tracking and incorporates a loop closure thread to achieve higher
accuracy in global pose estimation. Building upon ORB-SLAM2, ORB-SLAMS3 integrates
an IMU to enhance the system robustness and stands as one of the most advanced VSLAM
solutions to date.

The essence of SLAM pose estimation lies in the robot’s perception of its relative
movement in the environment. In terms of the localization aspect of SLAM, the accuracy
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of pose estimation is greatly affected by the proportion of dynamic feature points being
tracked in the field of view. When the proportion of dynamic feature points is relatively
small, non-dynamic SLAM algorithms can utilize statistical methods like RANSAC [11]
to identify and discard these few dynamic points as outliers. However, when dynamic
objects occupy more than half or the majority of the field of view, there are limited static
feature points available for tracking. This presents a significant challenge that needs to be
addressed using dynamic SLAM algorithms. In such cases, the accuracy of SLAM pose
estimation significantly decreases and can even lead to failure, especially for feature-based
VSLAM approaches [5-8]. Consequently, these open-source algorithms often experience
a loss in accuracy or even failure when deployed in dynamic environments such as city
streets or rural roads with numerous dynamic objects.

To improve the system accuracy and robustness in highly occluded environments, we
extend the work of VINS-Fusion and propose a robust dynamic VSLAM framework, called
D-VINS. D-VINS proposes a perceptual classification algorithm with missed detection
compensation and assigns different weights to feature points during BA based on their
geometric constraints. The main contributions of this paper are summarized as follows:

e A feature classification using the YOLOVS5 [12] object detection algorithm is proposed
in the front end, which divides dynamic feature points into three categories: absolute
static points, absolute dynamic points, and temporary static points. Then, the dynamic
factors of temporary static features are calculated based on the IMU pre-integration
prior constraint and the epipolar constraint. The temporary static features are classified
again according to the dynamic factors.

e Arobust BA optimization method based on the dynamics factor is proposed in the back
end. If the object is more dynamic, its feature weights are decreased, and vice versa.

e  Extensive experiments are carried out on public datasets like TUM, KITTI, and VIODE,
and our dataset. These datasets include extensive occlusion scenes, and the results
from these datasets are representative. The experiment results demonstrate the accu-
racy and robustness of our proposed D-VINS.

The rest of this paper is organized as follows: Section 2 discusses related work.
Section 3 introduces our proposed system in detail. Section 4 details the experimental
process and comparative analysis of the experimental results. Finally, the conclusion is
presented in Section 5.

2. Related Work

Dynamic SLAM methods can be classified into two categories: geometry-based meth-
ods and semantic-based methods. Geometry-based methods rely on the geometric con-
straints derived from the inter-frame camera motion, with a potential decrease in the
segmentation accuracy. Semantic-based methods leverage deep-learning networks to
achieve the highly precise segmentation of known objects. However, the implementation
of these methods often requires high-performance computing platforms.

2.1. Geometry-Based Dynamic SLAM

Geometry-based methods rely on geometric constraints between camera frames to
eliminate outliers. Dynamic objects can be identified as they deviate from the geometric
motion consistency observed between frames. Additionally, statistical analysis allows
for the differentiation of inner points (static points) from outliers (dynamic points). Most
SLAM systems, like VINS-Mono, use RANSAC with epipolar constraints to remove outliers
by calculating the fundamental matrix using the eight-point method. However, RANSAC
becomes less effective when outliers dominate the dataset.

DGS-SLAM [13] presents an RGB-D SLAM approach specifically designed for dynamic
environments. It addresses outlier impacts during optimization by introducing new robust
kernel functions.
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DynaVINS [14] introduces a novel loss function that incorporates IMU pre-integration
results as priors in BA. In the loop closure detection module, loops from different features
are grouped for selective optimization.

PFD-SLAM [15] utilizes GMS (grid-based motion statistics) [16] to ensure accurate
matching with RANSAC. Subsequently, it calculates the homography transformation to
extract the dynamic region, which is accurately determined using particle filtering.

ClusterSLAM [17] clusters feature points based on motion consistency to reject dy-
namic objects.

In general, geometry-based methods offer higher accuracy and lower computational
costs compared to semantic-based methods. However, they lack the semantic information
required for precise segmentation. Moreover, geometry-based methods heavily rely on
experience-based hyperparameters, which can significantly limit algorithm feasibility.

2.2. Semantic-Based Dynamic SLAM

Currently, deep-learning networks have achieved remarkable advancements in speed
and accuracy in various computer vision tasks, including object detection, semantic seg-
mentation, and optical flow. These networks can provide object detection results, such as
bounding boxes, which can be utilized in dynamic SLAM systems. To accurately detect
dynamic objects, deep-learning-based methods often incorporate geometric information to
capture the real motion state in the current frame.

For example, DynaSLAM [18] is an early dynamic SLAM system that combines multi-
view geometry with deep learning. It utilizes MASK R-CNN, which offers pixel-level
semantic priors for potential dynamic objects in images.

Dynamic-SLAM [19] detects dynamic objects using the SSD (single shot multi-box
detector) [20] object detection network and addresses missed detections by employing a
constant velocity motion model. Moreover, it sets a threshold for the average parallax of
features within the bounding box area to further reject dynamic features. However, this
method’s reliance on bounding boxes may incorrectly reject static feature points belonging
to the background.

DS-SLAM [21] employs the SegNet network to eliminate dynamic object features,
which are then tracked using the Lucas-Kanade (LK) optical flow algorithm [22]. The
fundamental matrix is calculated using RANSAC. The distance between the matched points
and their epipolar line is computed, and, if the distance exceeds a certain threshold, the
point is considered dynamic and subsequently removed. Additionally, depth information
from RGB-D cameras is often employed for dynamic object detection.

RS-SLAM [23] detects dynamic features with semantic segmentation, and a Bayesian
update method based on the previous segmentation results is used to refine the current
coarse segmentation. It also utilizes depth images to compute the Euclidean distance
between such two movable regions.

Dynamic-VINS [24] proposes an RGB-D-based visual-inertial odometry approach
specifically designed for embedded platforms. It reduces the computational burden by
employing grid-based feature detection algorithms. Semantic labels and the depth infor-
mation of dynamic features are combined to separate the foreground and background. A
moving consistency check based on IMU pre-integration is introduced to address missed
detection issues.

YOLO-SLAM [25] is an RGB-D SLAM system that obtains an object’s semantic labels
using Darknet19-YOLOV3. The drawback is that it cannot be run in real time.

SG-SLAM [26] is a real-time RGB-D SLAM system that adds a dynamic object detection
thread and semantic mapping thread based on ORB-SLAM?2 for creating global static 3D
reconstruction maps.

In general, geometry-based methods offer faster processing times but lack semantic
information. In contrast, deep-learning-based methods excel in dynamic object detection by
detecting potential dynamic objects with semantic information. However, it is challenging
to run deep-learning algorithms in real time on embedded platforms. Their accuracy
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heavily relies on the training results. Moreover, most of these methods use RGB-D cameras,
which tightly couple geometric and depth information, making them more suitable for
indoor environments. Few algorithms are specifically designed for outdoor dynamic scenes.

Although current dynamic SLAM methods can detect dynamic objects, they often
oversimplify their treatment, limited to either discarding or preserving them. Additionally,
challenges arise when the camera is heavily obscured by moving objects. To address these
limitations, we propose a dynamic SLAM method that integrates both geometric and
semantic information, tightly incorporating IMU prior constraints into the dynamic feature
check and optimization process.

3. Methods

The system is implemented based on VINS-Fusion [9], an optimization-based esti-
mation framework that supports multiple sensors, including stereo, monocular, and IMU
sensors. The system initialization follows a loosely coupled approach, where Harris corners
are extracted in the front end and tracked using the LK optical flow. In the back end, the
system state is marginalized and optimized using a sliding window approach. Figure 1
illustrates the system workflow. For object detection, we utilize the Common Objects in
COntext (COCO) dataset, which comprises 80 object categories commonly found in daily
life, allowing algorithms trained on this dataset to recognize the majority of objects in
everyday scenes.
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Figure 1. Overview of D-VINS. Absolute dynamic points are eliminated (indicated by the red dashed
line). Temporary static points and absolute static features are shown by the blue and green arrows,
respectively. The feature dynamic check module further filters out some absolute dynamic points,
ensuring that only absolute static feature points are sent to the keyframe database.

In dynamic object classification, the color image is initially processed by the fast
convolutional neural network You Only Look Once (YOLO) [12], which provides semantic
labels of the COCO dataset [27] and bounding boxes of objects. The Harris [28] keypoints
are then extracted, and only those points from absolute static objects and temporary static
objects are tracked using the LK optical flow in the front end. The IMU sensor provides
feature states, like translation, rotation, and velocity with prior motion constraints. The
feature’s dynamic factor is determined by the root mean square of the IMU pre-integration
error and epipolar constraint. During the feature dynamic check, the dynamic factors of
the temporary static points are calculated, indicating the movement of the feature points. A
larger numerical value suggests that the feature points are likely to be dynamic. To preserve
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potential points in dynamic scenes, the feature rejection strategy focuses on retaining points
identified by dynamic factors rather than removing all movable points.

In the back end, we propose a novel loss function with adaptive weights based on
dynamic factors in BA, a process used to refine camera poses and spatial point positions.
The typical approach involves minimizing the reprojection error, which quantifies the
difference between landmarks and their observed pixels in the image. To optimize the cost
function, feature weights are incorporated as parameters. D-VINS divides the conventional
optimization process into two steps. Firstly, the feature weights are fixed to independently
optimize the system states. Then, the system states are fixed to optimize the weights. This
process is iterated until the required number of iterations is reached, or until the weights
converge. Additionally, dynamic factors are introduced to adjust the feature weights.

3.1. Dynamic Object Classification

In dynamic environments, tracking static features is crucial for SLAM systems to
maintain localization accuracy. However, deep-learning models struggle to clearly define
the boundary between dynamic and static objects. For instance, while books are typically
considered static objects, they become dynamic when a person holds them, similar to cars
in a parking lot or on a highway. Therefore, relying solely on semantic information is
insufficient for robots to detect moving objects in such environments.

3.1.1. Semantic Label Incremental Updating with Bayes” Rule

To recognize a wide range of objects, we utilized the COCO dataset to train the
YOLOVS5 model, which includes 80 common object categories. However, not all objects
need to be detected, so we focused on the 17 most common categories. The process involves
inputting color images to YOLOVS5, accelerated with TensorRT [29], accelerating to obtain
semantic labels of the COCO categories. Bounding boxes help approximate the region of
dynamic objects in the images, and feature points within these boxes are assigned semantic
labels. As the object detection network can sometimes have missing or incorrect detections,
D-VINS employs Bayes’ rule to update the feature’s semantic label and mitigate errors in
specific frames. This approach transforms the labeling problem into a maximum posterior
problem, enhancing the accuracy of semantic labeling.

The mth map point in the given world co-ordinates W observed in the kth frame
can be written as P}¥ (x,y,z,1). p¥,(1,0,1) denotes the pixels in camera co-ordinates that
correspond to the mth map point. The projection process of the feature points is as follows:

spy = KTPY (1)

where s is the depth of the map points, K is the extrinsic matrix, and T denotes the
transformation matrix from the world co-ordinates to the observation frame. I, =
{lik ke (1,2,3,...,N)ic (1,2,3,...,M)} and bypseroe = {bf."k €(1,23,...,N)ie (1,2,3,...,M)}
denote the ground truth of the semantic labels of the mth feature points from the beginning frame to
the kth frame and the measurements of the deep-learning bounding boxes. According to Bayes’ rule,
there are

P(bobserve ‘ ltrue)P(ltrue)

p(lh’ue|bobserv6) = b & P(bobserve‘lf?’lte)P(lh’ue‘) 2)
P( observe)
This is a maximum posterior problem, shown as
arg maxP(lirue|bopserve) = arg maxP(Dopserve |ltrue) X P(ltrue) ®)

The semantic labels of feature points in the current frame can be influenced by dynamic objects
detected in previous frames. Consequently, the semantic label probability distribution of the mth
feature point in the kth frame is affected by the multi-frame history.

k
P(I|brg) = [P (1|11, b)) 4)
i=1
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Upon obtaining the semantic information of the current frame, D-VINS checks its consistency
with the previous frames. If the previous semantic label matches the one in the current frame,
the detection result of the current frame is considered more reliable, and vice versa. The detailed
algorithm steps are presented in Algorithm 1.

Algorithm 1: Semantic label updating with Bayesian rule

Input: Current frame bounding box A,,,¢k; current frame’s feature points P; previous frame’s
dynamic label [;_; non-updated current frame’s dynamic label by; threshold of the dynamic
label €,,),; frequency of feature point being observed Nypserve

Output: Current frame’s dynamic label Ii.

1: for each P; in this Frame P do:

2: for each bounding box in this Frame do:

3: if (InThisBoundingBox(P}, A sk)) && (b = €410)) then,

4: Nobserve++;

5: ratio = 1=t "’Ikljlbk‘;

6 B = ot by (1 - N ) (1 ) by
7: end if

8: end for

9: Iy = max(l;{emp);

10:  end for

3.1.2. Feature Point Motion State Classification

The feature point classification is divided into two parts. The first part is to classify the COCO
categories according to the possibility of motion based on life experience. The classification is divided
into five levels (I to V), with higher levels indicating a higher possibility of movement. Level I
includes public facilities (e.g., traffic light and bench), Level II includes furniture (e.g., chair, sofa, and
bed), Level Il includes transportation (e.g., bicycle, car, motorbike, bus, truck, and boat), Level IV
includes sports (e.g., football and basketball) and people (e.g., person), and Level V includes animals
(e.g., cat, dog, and bird), as depicted in Figure 2.

. Temporary
Static Static Dynamic
Ve - aYa ~N e - B N
Furniture Vehicle Person Animal

B ;AN
ﬁ m Sport h}

. <O ™

1 )\ 1 N ik AN v ) A%

- AN / o AN /’

Outdoor Obj.

Kxar
a rﬁ
A | 4

L2 Il Ex

Figure 2. Dynamic object hierarchy. The common objects in the COCO dataset are classified based on
life experience. Objects are categorized into different levels based on their potential motion. Levels I
and II correspond to static objects, Levels III and IV correspond to temporary static objects, and
Level V corresponds to dynamic objects.

The second part involves dividing feature points into three categories based on their move-
ment in the current frame: absolute stationary points, temporary stationary points, and absolute
dynamic points.

Generally, if an object is detected as a bench, sofa, or potted plant, its feature points are likely
to be static, making them suitable for pose estimation and mapping. If the semantic label indicates
animals such as birds, cats, or dogs, these features are considered dynamic. Animals typically move
continuously and occupy a small area in an image, exerting less impact on the SLAM system. As
shown in Figure 2, objects of Level I and Level II are classified as absolute static objects, objects of
Level IIl and Level IV are temporary static objects, and objects of Level V are absolute dynamic objects.
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3.2. Feature Dynamic Check with IMU Prior and Epipolar Constraints

To check the current motion state of movable objects, D-VINS calculates dynamic factors to find
the absolute dynamic points. For temporary static points, the dynamic factors are determined in
two steps. Firstly, the IMU pre-integration calculates the initial pose of the current frame, and the
reprojection error is obtained by projecting the 3D feature points onto the image plane. Secondly, the
foundational matrix is calculated based on epipolar geometry to determine the distance from the
feature points to their respective epipolar lines, constituting the second part of the dynamic factor.

If the dynamic factor of a feature point falls below a certain threshold, the point is labeled as an
absolute dynamic point.

3.2.1. Dynamic Factor of Reprojection Error Based on IMU Prior Constraint

Conventional visual reprojection involves projecting a feature point from its previous observed
frame onto the pixel plane of the current frame. However, the reprojection error cannot be calculated
if the camera pose of the current frame is unknown. To address this limitation, IMU pre-integration of-
fers an initial estimate for the current frame’s camera pose, enabling the calculation of the reprojection
error and the rejection of dynamic objects using the IMU sensor.

There must be errors between the estimation pose and the real camera pose, which means
the reprojection points and the observation points are usually not coincident. For the map point in
the world co-ordinates P = [Xp, Yy, Zp, 1} T, its pixel co-ordinates projected onto the jth frame are

.. 1T
pY = [u] v, 1] . According to Equation (1), a relationship between the map points and pixel points

according to the camera projection model exists, as follows:

w };p
slo/| = Kexp (g/\) Zp (5)
1 1”

Equation (5) can be written in matrix form, p& = Kexp (&")P, and the residual rc of the
reprojection error is as follows:

2

1
rc = H,,c/ - Kexp(¢")P , ©6)

where & is the Lie algebra of the jth frame in the body frame, and K is the intrinsic matrix obtained
via camera calibration [30]. The camera poses of the jth frame are obtained via IMU pre-integration:

bj_ bi_ b
Ry 'pjy =Ry 1<p§,‘;71 +vp At— %gwAtz) +ay
Rbf*1 w _ Rl w w bj1 7
w Vp = Ry (va -g At) + ,Bb]_ 7)

b b
G ®qp&k =",

bj—l b/—l bj—l

where « b By and Yy,

change the reference frame from the world frame to the local body frame b; ;. pj’, vj, and qj; are
] ] ]

are the pre-integration terms of position, velocity, and pose, which

the system states of the jth body frame. From Equation (7), the pose of the jth frame is obtained.
P T
The pixel co-ordinates in the jth frame projected from the ith frame are PS = [u%, vﬁ, 1] . And the

_ CoqT
observation in the jth frame is P = [ﬁf, z?f, l] . Through Equation (6), the new visual reprojection

residual 7ppject (P) of the map point P can be established using the camera projection model:
S =1 (TngngjTEPCf)
. b; .
PO = rr(TETUTETEPS ) ®)
_ 1S Ci 12 »Ci C;i 112
rProject(P) - HP - P 7“2 + ”P i HZ

where Ti is the transformation matrix from the body frame to the camera frame, which is obtained

. . b . .
using Kalibr [31].T;) and T}’ represent the transformation matrix between IMU frames and the
world co-ordinates. p;’ and p}’ represent the translation matrix between the body frame and world
frame. 77(-) represents the pinhole camera projection model.
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As shown in Figure 3, the red distance represents the dynamic factor of the IMU reprojection
error. It shows the observation and projection of the static map point P and the dynamic point P’
in two camera frames. O denotes the camera’s optical center. x1 and x4 are feature points matched
for the two frames with optical flow. x; is the feature point projected by the static point P in the jth
camera frame. x3 is the feature point projected by the dynamic point P’ in the (j — 1)th camera frame.

(a) Regular motion (b) Motion toward the optical center

Figure 3. Reprojection error based on IMU prior constraint for temporary static points. (a) Reprojec-
tion process with IMU pre-integration. (b) A special case for moving toward the optical center O;.
The red line represents the reprojection error. The short dashed line indicates that the object is static.
For the convenience of viewing, the green and red lines represent the overlapping parts, in (b).

Generally, determining the dynamics of an object through feature points’ reprojection error is
effective. However, this method may fail when the dynamic object is moving along the camera’s
optical center, either towards or away from the camera, as shown in Figure 3. In such cases, the
reprojection error becomes close to 0, even if point P is not a dynamic point. To address this limitation,
we propose an additional reprojection error on the previous frame, alongside the conventional visual
reprojection in Equation (8). By incorporating both reprojection processes, the method becomes
complementary, minimizing the impact on the dynamic judgment of feature points with special object
motion directions. Consequently, the first part of the dynamic factors A, is obtained as shown below:

)‘p = Tproject (P) 9

3.2.2. Dynamic Factor of Epipolar Constraints

An epipolar constraint is a critical property that restricts the position of feature points, commonly
used in various SLAM systems to accelerate the matching process in the front end. In D-VINS, data
association between feature points is achieved using the pyramidal iterative Lucas-Kanade optical
flow. Subsequently, the fundamental matrix between two camera frames is computed using the
seven-point method based on RANSAC.

Using the fundamental matrix, the epipolar lines of feature points in the current frame are
calculated. The distance from a point to its epipolar line is defined as the second part of the dynamic
factor. This distance is then utilized to determine whether the point is dynamic or not. According to
the pinhole camera model, the map point P is observed in different camera frames, which is shown
in Figure 4. x; and x3 are matched feature points in different frames, and x; is the feature point
projected to the jth frame by the map point P. The short dashed lines I and I” are the epipolar lines of
the two frames.

x1 = [u1,v1,1], 22 = [up, vy, 1] are the homogeneous co-ordinate forms of the two matched
feature points, belonging to the (j — 1)th frame and jth frame, respectively. Then, the epipolar line I
of xp in the jth frame is as follows:

X uq
I'=|Y|=F  =F|y (10)
z 1

where X, Y, and Z denote the real constants in the general form of a straight line (Xu + Yo + Z = 0),
and F denotes the fundamental matrix. Then, for the feature point x,, the epipolar constraint is
as follows:

xFx; T =xI' =0 (11)
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In Figure 4, the distance from the point to the epipolar line is marked by the blue line. For the
matched feature point x;(i = 2,3) of x1, the residual of the epipolar constraint r,p;y1q(P) can be
described as follows:

x;Fxp T
repipolar(P) = % (12)
X117+ (Y]]
Then, the second part of the dynamic factor is obtained as shown below:
Ae = repipolar(P) (13)

For the features of static objects, 7,pipo1sr(P) should be 0 or close to 0. But, for the features of
dynamic objects, like P/, there is an offset between the real pixel co-ordinates and their observation.
However, when the feature point moves toward the optical center of the (j — 1)th frame, the feature
point is still on its epipolar line. Therefore, it is hard to determine whether the object is in motion or
not. Therefore, when determining whether features are moving, the two distances of A, and A, need
to be combined.

(a) Regular motion (b) Motion toward the optical center

Figure 4. Epipolar constraint for temporary static points. (a) Epipolar constraint in regular cases.
(b) A special case for moving toward the optical center 0. The blue line represents the distance
between the feature point and its epipolar line. The short dashed lines indicate the epipolar lines.

The threshold ;¢poject Of the reprojection dynamic factor is set to 4 pixels, and the ¢,; polar of the
epipolar dynamic factor is set to 3 pixels. If the errors exceed those thresholds, then the feature points
are considered absolute dynamic points and rejected. Then, the feature is marked as ADP. Thus far,
the two dynamic factors A, and A, have been obtained.

This method enables a more accurate classification of temporary static objects and finds the
dynamic feature points. In addition, the feature points of dynamic objects with small movements can
be fully utilized by the SLAM system. The specific algorithm steps are shown in Algorithm 2.

Algorithm 2: Dynamic feature rejection algorithm.

Input: Previous frame F;; current frame Fj; previous frame’s feature points PlC '; current frame’s

. Cj c . .
feature points P;”'; the threshold of the reprojection dynamic factor €,¢project; the threshold of the
epipolar dynamic factor Eepipolar-
Output: Current frame’s feature points” dynamic factors A, and A,; current frame’s feature points’
dynamic label.
Ci. .
1: for each P, in this Frame F; do:

2: if (Plcf .dynamics_lable == Temporary Static Point) do:
F_Maxtrix = cv::FindFundamentalMat(F;, E, CV_FM_RANSAC);
P,".A = CallMUProjectDis(F;, F));
P7B= CalEpipolarDis(F;, F;, F_Maxtrix);

if (A > €reproject)&&(B > €,pipolar)) do:

PIC’ .dynamics_lable = ADPI;

end if

end for

e laNe)
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3.3. Dynamic Adaptive Bundle Adjustment

The current conventional bundle adjustment optimization treats all feature points with the
same weight. This study designs a novel bundle adjustment optimization algorithm based on the
dynamic factor.

3.3.1. Conventional Bundle Adjustment Optimization

In the conventional visual-inertial state estimator, the bundle adjustment optimization equation
is as follows:

2 . 2
m;n{urp HX |+ Y e (2 %)l + & p(||rc(z?,x)ul,;~,-) (14)

keB b1 (1j)eC

where pp(-) denotes the Huber kernel function; r, represents the marginalization residuals; rz
represents the IMU pre-integration residuals; rp represents the visual reprojection error; H, represents

the marginalization of the measurement state estimation matrix; iZk represents an IMU observation;

represents a visual observation; P ’; , denotes the covariance of the IMU measurement; PC’ denotes
the visual covariance; B represents the set of all IMU observations; C represents the set of tracked
features in the sliding window; and X denotes the estimated states to be optimized.

The traditional bundle adjustment formulation cannot reject or adjust the weights of dynamic
feature points. Eliminating all temporary static points would result in insufficient visual observations
for optimization, leading to unstable or erroneous BA optimization results. Thus, a more robust
approach to BA optimization needs to be implemented.

3.3.2. Dynamic Adaptive Cost Function with Dynamic Factors

The novel cost function introduced in this study possesses two main features. Firstly, it facil-
itates the rejection of dynamic features. Secondly, it adjusts the weights of feature points during
optimization based on the dynamic factors. Drawing inspiration from DynaVINS, we propose the
form of the dynamic adaptive loss function as follows:

o0 (Ap de Wi Lt ) = (1= 1) % {ijzPH(A) +(1 —wj)z;\w} +Lixpn(tp) (19

Won(A) + (1-w, 4)2Aw,L]- =1

o0 (Ap Ao Wy L e ) = ou (rp) L =0

(16)

1

[ Ay A2
2

where Aj and A, denote two dynamic factors of a feature point in the frame j; W; € [0, 1] denotes the
weights of feature points, where the weight is fixed to 1 for absolute static points; and L; € {0, 1}
represents the dynamic label, which will be 1 for absolute static points and 0 for temporary static
points. Equation (17) presents the dynamic factors. For absolute static points, L; is 1, and the back-end
optimization loss function is the same as the conventional one. For temporary static points, the loss

Ao = € [1,12] 17)

2
function will switch to szp g(A) + (1 - W]> Aw shown in Equation (16). As the loss function is
designed to have a nonlinear quadratic form, the optimal weights W; can be derived as follows:

Ay
W, = 18
R o
After optimizing the weights, the features with higher dynamic factors A, will have lower
weights. The losses’ gradient of those features will be close to zero, which has no impact on BA, as
shown in Figure 5a. The higher the weight assigned to feature points, the steeper the slope of the
curve, indicating a greater impact on the nonlinear optimization process.
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Figure 5. Changes in loss with various parameters. (a) Loss of one feature with A, = 2. (b) Converged
loss of one feature with different dynamic factors, A, and A,. (c) Converged loss of one feature with
Ay fixed.

p

Different dynamic factors Ay, affect the gradient value and adjust the BA residuals with marginal-
ization and IMU pre-integration residuals. Equation (16) in quadratic form is designed for nonlinear
optimization. As Ay increases, the gradient value of the converged loss function decreases, resulting
in a smaller weight assigned to the corresponding features during the optimization process, as shown
in Figure 5b.

When a feature point moves toward the optical center, the value of the reprojected dynamic
factor A, is typically small. However, if the feature point exhibits a larger dynamic factor A, due to
epipolar constraints, A, will be smaller, resulting in a smaller weight, as shown in Figure 5c.

Different from DynaVINS, the weight momentum factor does not need the help of semantic
labels, and the point weights are delivered with bounding boxes. The total cost function based on the
dynamic factors is as follows:

mind Iy~ HpX 2+ X I8+ X oo (458, Wy L, (19)
4 keB j€Fp

The strategy is to increase the weight of absolute static points and decrease the weight of
temporary static points in BA optimization, completely discarding absolute dynamic points in the
optimization. The weights of feature points are optimized to obtain more robust localization results.
In optimizing the current state X', the weights of each feature point are fixed. After that, the current
state X’ is fixed, and the feature points” weights W are optimized according to the dynamic adaptive
cost function, which is as follows:

min op (A, B, W, L1, (20)
W, jGZF:pD<]] ]]P)

Since the feature points’” weights W; are independent from each other, the overall loss function
is obtained by accumulating the cost equations of each feature point:

min ]{wjz< y pH(|ﬂ;|2)> + (1—wj(Aw))2Aw} @1)

Wielo,1 i€TSP

Ultimately, different optimization weights can be used based on different dynamic factors of the
feature points.

4. Experimental Results

In this section, we validate the effectiveness of D-VINS by conducting experiments on publicly
available datasets, including TUM RGB-D [32], KITTI [33], and VIODE [34]. These datasets offer
diverse dynamic scenes for testing the algorithm’s performance.

TUM RGB-D is a widely used dynamic SLAM measurement dataset, containing monocular
camera and RGBD information. VIODE is a simulation dataset specifically designed for algorithm
performance testing. It is generated using a drone equipped with a stereo camera and IMU. The
KITTI dataset is utilized to evaluate the algorithm’s performance in urban vehicle platforms.
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In this paper, the root mean square error (RMSE) of the absolute trajectory error (ATE) [35] and
the root mean square value of the relative pose error (RPE) were selected as evaluation metrics. The
unit of the ATE is m. The unit of translational drift in the RPE is m/s. The ATE is well-suited to
measuring the global consistency of the trajectory, while the RPE is well-suited to measuring the
translation and rotation drift. They represent the global consistency of the trajectory and the drift of
the odometer per unit time, respectively. Given the estimation state X; and the ground truth X;,
ATE-RMSE and RPE-RMSE are calculated as follows:

n
ATERMSE = \/ % Y ||translation (X;) — translation(X;)||* (22)
i=1
1 n . N T -1 1 2
RPERMSE = " Z Htranslatlon ( (Xi Xi+A) (Xi Xi+A>> || (23)
i=1

where n is the number of frames in the data sequence, and A is a time interval. The experimental
results were analyzed both qualitatively and quantitatively. To facilitate the experiments, we inte-
grated D-VINS with ROS, and all tests were conducted on a laptop equipped with 16 GB RAM (CPU:
AMD Ryzen7 5800H, made by AMD USA, GPU: NVIDIA GEFORCE RTX 3050TI, made by NVIDIA
Corporation USA). We evaluated the improvement of our proposed system, D-VINS, compared to
the original algorithms ORB-SLAM2, and ORB-SLAMB3. Additionally, we compared D-VINS with the
state-of-the-art dynamic VSLAM algorithm, DynaVINS, as well as other similar algorithms such as
DS-SLAM, RS-SLAM, and Dynamic-VINS, to further assess its effectiveness.

4.1. TUM RGB-D, VIODE, and KITTI Dataset Evaluation
4.1.1. TUM RGB-D Dataset

The TUM RGB-D dataset was captured using a Microsoft Kinect camera, made by Microsoft
USA, at a frame rate of 30 Hz. It consists of 39 image sequences containing both color and depth
images. This dataset has become widely used for evaluating visual odometry in dynamic scenes. The
ground truth is obtained through a high-precision motion capture system. This dataset provides nine
sequences for dynamic scenes, where dynamic objects can be divided into low- and high-dynamic
sequences. The low-dynamic sequences are labeled “sitting” (fr3/sitting_static, fr3/sitting_xyz,
fr3/sitting_halfsphere, fr3/sitting_rpy); and the high-dynamic sequences are labeled “walking”
(fr3/walking_static, fr3/walking_xyz, fr3/walking_halfsphere, fr3/walking_rpy).

In this paper, we used the open-source trajectory evaluation tool Evo (available online: https://
github.com/MichaelGrupp/evo (accessed on 25 April 2023)) to visualize the trajectory differences
between D-VINS and ORB-SLAM?2. In addition, the TUM dataset contains no IMU data, and VINS
does not support monocular VO mode, so modules containing IMUs were excluded from D-VINS for
the experiment. The data were obtained from the actual experiments on the dataset. There are the
hyperparameters used in D-VINS, the number of feature points (150), and the pixel spacing of feature
points (25); and the initial value of the dynamic factor of the feature pointis A, =2, A, = 2.

Firstly, Figure 6 shows the plotted trajectories of the two algorithms. The black dashed line
represents the ground truth, provided by the dynamic capture. The blue solid line represents the
trajectory generated by D-VINS, and the green solid line represents the trajectory generated by
ORB-SLAM2 for comparative analysis. The quantitative analysis of this figure fully demonstrates the
necessity of dynamic object rejection and the effectiveness of D-VINS. According to Figure 6h, it can
be seen that, when dynamic objects appear, the trajectory accuracy is seriously impaired.

Secondly, Tables 1 and 2 summarize the quantitative experimental results, showing a compari-
son with several outstanding SLAM algorithms, like ORB-SLAM3 [7], RS-SLAM [23], and Dynamic-
VINS [24]. Among these contrasting SLAM methods, ORB-SLAM3 is the most accurate VSLAM
open-source algorithm for evaluating the positioning accuracy of D-VINS in non-dynamic environ-
ments. RS-SLAM is a robust semantic RGB-D SLAM system that can achieve real-time high-accuracy
localization based on semantic segmentation. The horizontal line in (h) represents loopback detection.
Dynamic-VINS is an optimization-based RGB-D inertial odometry system providing real-time state
estimation results for resource-restricted platforms.
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Figure 6. Comparison of trajectory results of D-VINS (blue) and ORB-SLAM2 (green) on the TUM
datasets. (a—g) are the trajectory comparison results for each sequence of the TUM RGB-D dataset.
(h) is the comparison results of the two algorithms for the fr3_walking_rpy sequence. The horizontal
axis represents time in seconds, and the longitudinal axis represents the ATE in meters.

Table 1. The ATE- and RPE-RMSE (m) of ORB-SLAM2, ORB-SLAM3, and D-VINS on the TUM

RGB-D dataset.

ORB-SLAM2 ORB-SLAM3 D-VINS * (Ours) Improvement
Sequences
ATE RPE ATE RPE ATE RPE ATE RPE

fr3_sitting_static 0.0116 0.0152 0.0097 0.0060 0.0080 0.0114 17.53% -

fr3_sitting_xyz 0.0133 0.0199 0.0098 0.0086 0.0153 0.0179 - -

fr3_sitting_halfs 0.0336 0.0124 0.0208 0.0080 0.0252 0.0122 - -
fr3_walking_static 0.4121 0.0299 0.2450 0.0163 0.0069 0.0101 97.18% 38.04%
fr3_walking_xyz 0.8856 0.1255 0.5617 0.0267 0.0155 0.0182 97.24% 31.84%

fr3_walking_rpy 0.5987 0.0528 0.6841 0.0289 0.0422 0.0432 92.95% -

fr3_walking_ half 0.4227 0.0338 0.3212 0.0202 0.0216 0.0234 93.27% -

Note: Bold data indicate the best results. The symbol “*” indicates that D-VINS removed the module containing
the IMU. The symbol “-” indicates that the algorithm showed no improvement.

Table 2. The ATE- and RPE-RMSE (m) of D-VINS and the compared methods on the TUM RGB-D dataset.

DS-SLAM RS-SLAM Dynamic-VINS D-VINS * (Ours)
Sequences
ATE RPE ATE RPE ATE RPE ATE RPE
fr3_walking_static 0.0081 0.0102 0.0067 0.0099 0.0077 0.0095 0.0069 0.0101
fr3_walking_xyz 0.0247 0.0333 0.0146 0.0210 0.0486 0.0578 0.0155 0.0182
fr3_walking_rpy 0.4442 0.1503 0.1869 0.2640 0.0629 0.0595 0.0422 0.0432
fr3_walking_half 0.0303 0.0297 0.0425 0.0609 0.0608 0.0665 0.0216 0.0234

Note: Bold data indicate the best results. The symbol “*” indicates that D-VINS removed the module containing

the IMU.

According to Table 1, D-VINS outperformed ORB-SLAM2 in six sequences and ORB-SLAM3 in
four dynamic sequences. In the sequences fr3_sitting_xyz and fr3_sitting_halfs, even though D-VINS
did not achieve the highest positioning accuracy, it obtained sub-optimal accuracy in the camera
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absolute pose estimation. ORB-SLAM?2 was unable to identify dynamic point features, and its camera
pose accuracy was the weakest of all compared SLAM algorithms.

In Table 2, the compared methods’ results are presented, as reported in their original published
papers. It is not difficult to find that D-VINS obtained the two best results from the four groups
of experiments. In the fr3_walking_static and fr3_walking_xyz sequences, D-VINS obtained sub-
optimal accuracy compared with the three other SLAM methods. The reliability of dynamic object
recognition and rejection with deep learning and geometric constraints was verified with this dataset.
RS-SLAM utilizes PSPNet for pixel-level segmentation and depth information, resulting in a higher
accuracy in dynamic feature detection. It provides highly precise localization results when the
number of dynamic feature points is limited. Dynamic-VINS just simply disables modules relevant to
the IMU. Therefore, its robustness and accuracy were weaker in high-dynamic sequences. DS-SLAM
exhibited severe accuracy degradation in fr3_walking_rpy. This is attributed to the non-texture and
pure rotational motion, which affect the estimation of epipolar lines and camera poses. Additionally,
significant occlusions occur when people pass in front of the camera, as the features” weights are
not adjusted. It should be noted that D-VINS does not incorporate pixel-level segmentation results
and relies on bounding boxes, which introduces feature point segmentation errors. However, the
advantage of D-VINS lies in its efficient processing speed.

4.1.2. KITTI Dataset

The KITTI dataset provides sequences containing stereo color images in the 00 to 10 urban street
and highway environments for evaluating the accuracy of odometry localization. The hyperparame-
ters used in D-VINS are: the number of feature points (150), the pixel spacing of feature points (35),
the maximum number of optimizations (5), and the initial value of the dynamism factor of the feature
point (A, =2, A, = 2). The parameters for DynaVINS in KITTT are: Ay, = 1.0, Ay = 0.2.

Table 3 shows the results of the 05 and 07 sequences in comparison with VINS-Fusion and
DynaVINS, and the bolded data indicate the best performance, as shown in Figure 7. Since dynamic
objects on both the 00 and 05 sequence streets are sparse, dynamic object rejection provides a limited
improvement to the system’s accuracy. The experimental data were obtained from real measurements,
rather than directly from the paper, to compare the generalizability of the algorithms. As shown
in Table 3, the localization accuracy and dynamic feature recognition rejection of DynaVINS are
highly dependent on the hyperparameters (momentum factor and regularization factor). Therefore,
its localization results in different datasets are worse, and it is hard to keep the algorithm localized
with high accuracy even after a long period of parameter adjustment. The experimental results on
the KITTI dataset show that D-VINS has better generalizability than DynaVINS, as well as a certain
accuracy improvement compared to VINS-Fusion.

Table 3. The ATE-RMSE (m) of VINS-Fusion, DynaVINS, and D-VINS on the KITTI dataset.

Sequences VINS-Fusion DynaVINS D-VINS
KITTI 05 1.913 12.4668 1.7631
KITTI 07 2.1927 3.8006 2.1100

Note: bold data indicate the best results.

4.1.3. VIODE Dataset

VIODE is a simulation dataset for testing VIO performance in dynamic environments such
as urban areas, filling the gap in dynamic VIO system evaluation. The dataset simulates the UAV
localization problem in different dynamic environments (daytime city street environment, dark
city street environment, and underground parking environment). Each scene is divided into four
sequences according to the number of dynamic objects: 0_none, 1_low, 2_mid, and 3_high have a total
of 12 sequences. In the high sequences, the camera field of view is included with the entire occlusion
to evaluate the localization accuracy and system robustness of the VIO in extreme situations. The
dataset contains time-synchronized stereo color images, IMU data, an instance segmentation mask,
and the ground truth of the trajectory.

To validate the accuracy of the algorithm in the dynamic recognition of absolute dynamic points
and temporary static points, D-VINS and DynaVINS were compared. VINS-Fusion was also included
in the comparison to prove the necessity and effectiveness of the dynamic rejection module. The
hyperparameters used in D-VINS are: the number of feature points (150), the pixel spacing of feature
points (35), the maximum number of optimizations (5), and the initial value of the dynamism factor
of the feature point (A, = 2, A, = 2). The hyperparameters in DynaVINS use the same values as
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Figure 7. Comparison trajectory results of VINS-Fusion, DynaVINS, and D-VINS on the KITTI 05
and 07 sequences. (a,b) present the accuracy heat maps and comparison results for the 05 sequence,
and (c,d) present those for the 07 sequence, respectively.
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Figure 8. Result of the YOLOVS detection test. Top: original detection results of YOLOV5. Bottom:
detection results after using the compensation algorithm in Section 3.1.1. The red box shows the
position of clustered features for compensation.

Figure 9. Epipolar constraint results in the parking_lot 3_high sequence. The red lines indicate
epipolar lines.

Overall, D-VINS demonstrates great pose estimation accuracy in static scenes when incor-
porating the dynamic factor, as illustrated in Table 4. It exhibits a better localization accuracy in
low-dynamic scenes and comparable accuracy to DynaVINS in high-dynamic scenes, and, in some
sequences, it even outperforms DynaVINS. Additionally, the spacing and quantity of feature points in
the front end significantly affect the performance of D-VINS. In cases where remote features dominate
the field of view or the feature spacing is too small, the accuracy of the stereo system is severely
compromised. Thus, for the same set of parameters, D-VINS does not perform as well in the city
sequence as it does in the parking lot environment. The localization accuracy of DynaVINS highly
depends on the hyperparameters, such as the regularization factor Ay, and the momentum factor A,.
However, these hyperparameters are manually tuned and lack generalization across different scenes.
While they exhibit high localization accuracy in some scenes, they may not be suitable for other
sequences. For example, the localization accuracy of DynaVINS in the City_day dataset is unstable.

Table 4. The ATE-RMSE (m) of VINS-Fusion, DynaVINS, and D-VINS on the VIODE dataset.

Scenes Sequences VINS-Fusion DynaVINS D-VINS

0_none 0.0774 0.0595 0.0538

Parking_lot 1_low 0.1126 0.0826 0.0472
2_mid 0.1174 0.0630 0.0396

3_high 0.1998 0.0982 0.0664

0_none 0.1041 0.1391 0.0882

City_day 1_10W 0.2043 0.0748 0.0912
2_mid 0.2319 0.0520 0.0864

3_high 0.3135 0.0743 0.0835
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Table 4. Cont.
Scenes Sequences VINS-Fusion DynaVINS D-VINS
0_none 0.2624 0.1801 0.1561
City_night 1_10W 0.5665 0.1413 0.1221
2_mid 0.3862 0.1192 0.1395
3_high 0.7611 0.1519 0.1566

Note: bold data indicate the best results.

In dynamic scenes with low occlusion, D-VINS incorporates a deep-learning module that detects
dynamic objects and calculates dynamic factors with geometry. D-VINS achieves higher accuracy in
screening dynamic feature points compared to DynaVINS, which only relies on geometric methods
for dynamic object rejection, as observed in Figure 10b,d,f. Consequently, D-VINS achieves a better
positioning accuracy in low and mid sequences. The green feature points represent absolute static
points, the white feature points represent absolute dynamic points, and the purple feature points
represent temporary dynamic points. However, in highly occluded environments where dynamic
objects are near the camera, D-VINS may fail to detect the objects with the deep-learning network.

4.2. Data Collection Equipment and Real-Environment Dataset Experiments

To demonstrate that D-VINS can be applied to a real project, we built a self-made data acquisition
device and created a dataset with it.

4.2.1. Data Collection Devices and Real Datasets

The device integrates GNSS, inertial navigation, LIDAR, and a stereo camera, and is mainly
divided into two parts: the handheld part, and the backpack part. As shown in Figure 11, the device
has three working modes: handheld, backpack, and vehicle working mode. The handheld part
includes a GNSS antenna, Velodyne VLP-32C mechanical LIDAR, Inertial Labs INS-D GNSS/IMU
inertial guidance, and a ZED2 color stereo camera, and the resolution is 1280 x 720; the backpack
part includes an NVIDIA Jetson AGX Xavier processor, a 12 V DC lithium battery, an MD-649 4G
DTU 4G communication module, and an antenna. In this paper, one handheld rural sequence and
two city street sequences were selected for experimental validation:

e  The 5_SLAM_country_dynamic_loop_1 sequence was collected in a village in Xiangyin County,
Yueyang City, Hunan Province, in a relatively open environment, where a pedestrian and child
were always present in the image moving in synchronization with the camera. The start and
end points of the sequence are close to each other, but there is no loop to detect the drift.

e  The 14_SLAM_car_road_1 sequence shows a street in Xiangyin County, Yueyang City, Hunan
Province. The sequence is an open environment. This environment is challenging for stereo-
visual localization, which causes severe drift. The rural roads are narrow with many vehicles,
and there are villagers gathering in the middle of the road. Pedestrians and vehicles are intricate
and occupy a large field of view, making positioning difficult and challenging.

. The 18_SLAM_car_road_2 sequence is an urban environment with wider roads, more vehicles,
and more pedestrians compared to the 14 rural streets. It is suitable as a dynamic rejection
algorithm evaluation sequence. The main data types include GNSS raw data, IMU data, LIDAR
point cloud data, and binocular color image data. The ground truth of the trajectory is obtained
with GNSS RTK.

4.2.2. Feature Classification Results on the Real Dataset

In the 5_SLAM_country_dynamic_loop_1 sequence, there are two people walking in front of
the camera; this represents an easy object detection task for deep learning to accomplish. As shown
in Figure 12, when the person with the jacket is moving in the second row in (a), the dynamic features
are segmented accurately. When the person is movable but remains static at the current time shown
in the first row in (a), those feature points are kept for optimization. In a highly dynamic sequence,
the majority of the points are movable and only a few of them are moving. D-VINS is able to reject
dynamic features that are close to the camera with higher dynamic factors. In the city street, the cars
parked on the roadside and driving on the road are detected with different motion state classifications.
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(f) City_night detection and feature classification

Figure 10. Results of the trajectories and detection of VINS-Fusion, DynaVINS, and D-VINS on the
VIODE dataset (parking_lot, city_day, and city_night scenes).In (a,c,e), the first three figures show the
ATE distributions of the 0_none, 1_low, and 2_mid. The last figure shows the trajectories of the three
algorithms in the 3_high sequence. In (b,d,f), the first three figures show the dynamics of the feature
check result, where the green points are absolute static points, the purple points are temporary static
points, and the white points are absolute dynamic points. The last figure shows the bounding box
from YOLOV5.

(a) (b) GNSS

au"antenna

Camera

Aviation

Figure 11. Handheld/backpack data collection equipment. (a) shows the overall equipment.
(b) shows the handheld part. (c) shows the backpack part. (d,e) show the data collection work
with different modes.

4.2.3. Trajectory Results on the Real Dataset

This paper compared the results of the current state-of-the-art algorithms DynaVINS, D-VINS,
and VINS on real dataset sequences. D-VINS obtained better measurement results on the real dataset,
effectively overcoming the influence of dynamic objects. As shown in Table 5, D-VINS obtained a
better localization accuracy than DynaVINS in the 5_SLAM_dynamic_loop_1 sequence. Even though
the ATE-RMSE of D-VINS was similar to that of VINS, the more detailed results show that D-VINS
had a more accurate localization accuracy in the presence of dynamic objects, as well as a lower
median and mean. Even after parameter adjustments, DynaVINS had difficulty finding parameters
that could achieve good accuracy in localization (the hyperparameters provided in the paper could
not accomplish localization, even though they worked well on the VIODE and KITTI datasets). The
high reliance on equipment and hyperparameters is also a drawback for geometry-based methods.
D-VINS is merely a visual odometry system, and, in the absence of GNSS and loop detection, the
drift is significant. In Figure 13, D-VINS achieves excellent positioning results in two road sequences
without loop detection. The pure VIO system (no global optimization and loopback detection) can
effectively reduce the influence of dynamic objects and substantially exceed the positioning accuracy
of VINS. In summary, D-VINS has stronger robustness and scene applicability in dynamic scenes
compared to other algorithms.
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: \
,.3;\3: W

(a) Rural sidewalk (low dynamics)

g, R

(c) City road (medium dynamics)

Figure 12. Feature classification results on our dataset. (a) shows the
5_SLAM_country_dynamic_loop_1 sequence. (b) shows the 14 SLAM car_road_1 sequence.
(c) shows the 18_SLAM_car_road_2 sequence. The features in white are absolute dynamic points,
those in green are absolute static points, and those in purple are temporary static points.
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Table 5. The ATE-RMSE (m) of VINS-Fusion, DynaVINS, and D-VINS on the real dataset.
Sequences VINS-Fusion DynaVINS D-VINS
5_SLAM_dynamic_loop_1 0.657039 2.145493 0.654882
14_SLAM_car_road_1 37.31964 - 27.60877
18_SLAM_car_road_2 299.7889 - 151.2075

Note: “-” indicates that the method failed to estimate the camera pose. Bold data indicate the best results.
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Figure 13. APE distribution results on our dataset. (a) shows the 5. SLAM_country_dynamic_loop_1
sequence. (b) shows the 14_SLAM_car_road_1 sequence. (c) shows the 18_SLAM_car_road_2
sequence. DynaVINS failed to provide estimations in the 14_SLAM_car_road_1 and

18_SLAM_car_road_2 sequences, so it was not compared in those sequences.

4.2.4. Time Analysis and Ablation Experiment

As a fundamental component of robot state estimation, SLAM plays a crucial role in the smooth
execution of higher-level tasks. Therefore, we conducted tests on the average time cost of processing
each frame of various frameworks. The experimental results are presented in Figure 14. All tests
were conducted on a laptop equipped with 16 GB RAM (CPU: AMD Ryzen7 5800H, GPU: NVIDIA
GEFORCE RTX 3050TI). Due to the inconsistent number of iterations during optimization, the overall
time for back-end optimization exhibits significant variance. However, the system can operate in real

time with a 10 Hz camera.
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Figure 14. The box plot of the running time in each part of D-VINS. The average time to process one
frame is about 70.5 ms (14 Hz).

D-VINS adopts a combined approach of geometric and semantic information to remove dy-
namic feature points and improve accuracy, effectively incorporating the strengths of both methods
while avoiding their limitations. To validate the effectiveness of the fused algorithm integrating
geometric and semantic information, we conducted comparative experiments. D-VINS (G) represents
a geometry-based method adjusting feature weights with epipolar constraints and IMU reprojection.
D-VINS (S) represents a semantic-based method with YOLOVS5. D-VINS (G + S) represents a fusion
algorithm based on geometric and semantic information. The experimental results are shown in
Table 6.

Table 6. The ATE-RMSE (m) of D-VINS (G), D-VINS (S), and D-VINS (G + S) on the VIODE dataset.

Scenes Sequences D-VINS (G) D-VINS (S) D-VINS (G +S)
0_none 0.1000 0.0568 0.0538
Parkine lot 1_low 0.1196 0.0517 0.0472
8- 2_mid 0.1126 0.0709 0.0396
3_high 0.1387 0.0702 0.0664

Note: Bold data indicate the best results.

5. Discussion

In the experimental results shown in Tables 1-5, D-VINS and the contrasting SLAM systems
were all validated. D-VINS outperformed the other systems in terms of the ATE and RPE in six
sequences of the TUM RGB-D dataset. Tables 1 and 2 demonstrate the effectiveness of D-VINS’
dynamic object removal method, especially in scenarios involving pure rotation and high-occlusion
areas, compared to semantic-based methods like RS-SLAM and DS-SLAM. Moreover, RS-SLAM and
Dynamic-VINS are limited to indoor usage due to their reliance on depth information, making them
unsuitable for outdoor environments.

In the KITTI sequences shown in Table 3, D-VINS demonstrated its effectiveness in outdoor
scenes. The state-of-the-art DynaVINS showed high accuracy in the VIODE simulation dataset, as
shown in Table 4, but it heavily relied on two hyperparameters, making it challenging to achieve the
same high accuracy in different datasets. In the KITTI 05 and 07 sequences, where there were fewer
dynamic objects than in VIODE, the impact on position estimation was less significant, resulting in
DynaVINS not performing as well as it did in VIODE, as displayed in Figure 7. For the highly occluded
scenes in VIODE, deep learning struggled, especially when the objects moved toward the camera’s
optical center (shown in the first image of Figure 10b). In contrast, D-VINS demonstrated good
dynamic feature segmentation performance and trajectory accuracy, exhibiting better robustness in
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multiple environments in Figure 10b,d,f. However, the accuracy of DynaVINS decreased in sequences
with fewer dynamic objects, such as the 0_none sequences. D-VINS maintains accuracy in highly
occluded dynamic environments. However, its improvement in low-occlusion dynamic environments
is not significant with abundant features that can be tracked.

Furthermore, D-VINS showed great performance in feature classification and trajectory accuracy
in rural and city sequences, as shown in Figure 12. For our real dataset, DynaVINS faced challenges
in accomplishing the localization task. Higher reprojection errors could arise from both the camera
movement and dynamic features, making it difficult to accurately indicate the feature’s motion state
using weights. In sequences with large spaces and without loop closures, VINS-Fusion performed
worse compared to D-VINS. However, the segmentation accuracy depends on the bounding boxes
obtained from YOLOVS5, making it unable to achieve pixel-level precise segmentation. Factors such
as the complexity of moving objects and blurry images can influence the results of object detection
and geometric calculations. These influences can degrade the segmentation accuracy and, ultimately,
impact the camera localization precision.

In summary, while D-VINS may not overcome extreme conditions of complete occlusion in
the field of view, it still achieves a high localization accuracy in highly occluded environments,
comparable to DynaVINS. D-VINS is more suitable for indoor environments with occlusions and
outdoor environments with at a small scale. In large outdoor scenes, it experiences considerable drift
without GNSS and loop detection. In cases where the camera’s field of view is completely occluded,
the system relies more on IMU pre-integration results. The few static feature points are given higher
weights in the iterative optimization process, due to dynamic factors based on epipolar constraints
and IMU reprojection errors, ultimately enhancing the accuracy of the pose optimization. Extensive
experimental results have proven that D-VINS can improve the accuracy and robustness of pose
calculation in dynamic scenes.

6. Conclusions

In this paper, we proposed a novel dynamic VIO system designed for outdoor dynamic scenes,
effectively reducing the impact of dynamic objects. The D-VINS system consists of four modules:
target identification and data pre-processing, feature point classification and tracking, and back-
end dynamic factor BA optimization. The dynamic object recognition relies on YOLOVS to obtain
semantic information about the scene, such as walking people and stopped cars. The semantic labels
are continuously updated, classifying dynamic points into absolute dynamic points, absolute static
points, and temporary static points. The dynamic factors of temporary static points are calculated
using IMU pre-integration and epipolar constraints. Only absolute static points and temporary
static points are sent for nonlinear optimization. Feature point weights are adjusted based on the
dynamic label and dynamic factors during BA optimization. The system’s effectiveness in dynamic
environments was verified using the TUM RGB-D, KITTI, and VIODE datasets, as well as our own
dataset. The experimental results demonstrated our system’s superior performance compared to
RS-SLAM, Dynamic-VINS, and the state-of-the-art method DynaVINS. In general, D-VINS enhances
feature point weights, enabling its use in environments with occluding dynamic objects. However,
the accuracy is limited by the number of optimization iterations, as excessive iterations can hinder
real-time system operation. Time analysis shows that sacrificing some optimization iterations still
allows for achieving a satisfactory localization accuracy while maintaining real-time performance.

Future work should address some limitations and explore potential improvements. Firstly,
the algorithm lacks pixel-level segmentation of feature points, even with geometry constraints.
Integrating a high-speed semantic segmentation module could help to achieve a more accurate
identification of dynamic feature points in the front end. Secondly, during the experimental process,
degraded scenes had an impact on the estimation. For instance, the localization accuracy of stereo
cameras decreases in open environments. Adjusting the weights of feature points at different
distances can improve the localization accuracy. The algorithm also exhibits good scalability, as the
strategy of adjusting feature point weights can be incorporated into existing multi-sensor fusion
systems. Additionally, to address occlusion issues in dynamic scenes, the target velocity can be used
to introduce extra constraints on self-motion estimation.
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