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ABSTRACT

With the continuous development of virtual reality (VR) technology, high-fidelity VR
environments are increasingly applied in fields such as education, healthcare, and entertain-
ment. As the primary mode of interaction between users and virtual environments, mobile
user interfaces (MUI) play a crucial role, where the design’s effectiveness directly impacts
user immersion and operational efficiency. However, most current MUI designs rely on 2D
interface design principles, lacking a tailored design framework for 3D VR environments. In
particular, in high-fidelity VR environments, user interaction demands exhibit high dynamics
and individuality, which presents challenges for traditional design methods that struggle with
adaptability. To address this, this paper first proposes design principles for MUT in high-fidelity
VR environments, aiming to provide theoretical guidance and a practical framework for inter-
face design in this field. Secondly, the paper investigates an anchor-point matching method
based on simultaneous localization and mapping (SLAM) to solve the dynamic matching
problem between user position and interface elements in VR environments. The study shows
that by integrating SLAM technology, the accuracy and smoothness of user interaction can be
significantly improved. This study enriches the theoretical foundation of user interface design
in VR and offers developers more efficient and flexible interaction approaches.

KEYWORDS
high-fidelity virtual reality (VR), mobile user interface (MUI) design, simultaneous localization
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1  INTRODUCTION

With the rapid development of virtual reality (VR) technology, an increasing
number of high-fidelity VR environments are being widely applied in fields such
as education, healthcare, and gaming [1-3]. In these environments, user immersion
and interaction experience have become important criteria for measuring system
performance [4-6]. As the bridge between users and the virtual world, the MUI
plays a crucial role. Designing an intuitive, efficient, and comfortable MUT not only
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enhances the user experience but also increases the system’s practicality and inter-
activity. How to effectively design the MUI in high-fidelity VR has become a major
challenge in current VR research [7-10].

Research on MUI design in high-fidelity VR environments is of great significance.
First, as VR technology matures, more users are beginning to use VR systems, and
ensuring that they can easily and smoothly operate in the virtual world has become
a key factor in enhancing the user experience of VR systems [11, 12]. By conducting
in-depth research into the design principles of MUI in VR environments, practical
design guidelines can be provided for VR device developers, and users can enjoy
more natural and convenient interaction methods [13-16]. Second, as VR applications
continue to expand, it is especially important to design an MUI that meets the needs
of various application scenarios. How to provide consistent and efficient interaction
experiences in different VR applications is a problem worth further exploration.

Currently, although some studies have explored user interface design in VR envi-
ronments, existing methods still have certain limitations. Traditional interface design
principles mainly focus on applications in 2D environments and lack adaptability to
high-fidelity VR scenarios [17-19]. At the same time, most existing interaction modes
are based on fixed control methods, making it difficult to meet the dynamic demands
of users in motion for interface interactions [20-22]. In addition, as VR technology
continues to evolve, the requirements for precise MUI positioning and real-time
interaction are becoming increasingly high. Existing simultaneous localization and
mapping (SLAM) technology in VR has not yet been fully optimized, and especially
in high-dynamics, mobile user scenarios, achieving precise anchor-point matching
remains a problem to be solved.

The primary research content of this paper includes two aspects. First, this paper
explores the MUI design principles in high-fidelity VR environments, proposing a series
of design guidelines that meet the application needs of VR. Through analyzing user
needs in VR environments and combining the current technological developments,
this study explores adaptive, intuitive, and user-friendly interface design solutions.
Second, this paper investigates an anchor-point matching method based on SLAM,
aimed at improving the positioning accuracy of user location and the real-time inter-
action of the interface in VR systems. This method optimizes SLAM algorithms and
anchor-point matching technology to achieve more precise dynamic interaction, pro-
viding technical support for MUT in high-fidelity VR environments. The research in this
paper not only fills the gap in existing studies but also provides new ideas and direc-
tions for future user interface design and technological applications in VR systems.

2 MUIDESIGN PRINCIPLES IN HIGH-FIDELITY VR ENVIRONMENTS

In high-fidelity VR environments, immersion is one of the core goals of user
experience. To maintain a high level of immersion, the design of MUI must ensure
that visual elements are consistent with other objects in the virtual environment.
The design of interface elements needs to be integrated into the overall visual style
of the virtual space to avoid abrupt visual disconnections. For example, the colors,
textures, and lighting effects of interface elements must be coordinated with the
visual environment of the virtual world to ensure that users do not feel discomfort
or distraction due to mismatched visuals between the interface and the environ-
ment during interaction. Additionally, virtual interface elements should dynamically
adjust according to the scene features of the virtual environment, avoiding fixed
placement of the interface. They should naturally blend into the user’s field of view
to enhance the fluidity and naturalness of the interaction.
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Spatial perception in VR environments is crucial for user interaction. In high-
fidelity VR, users interact not only on a two-dimensional plane but also in three-
dimensional space with interface elements. Therefore, MUI design must follow the
principle of spatial consistency. Specifically, interface elements need to dynamically
adapt according to the user’s perspective, position, movement status, and other
factors. For example, when the user changes position or turns their perspective in
different directions, the interface elements should naturally adjust their position
and orientation in line with the user’s view, avoiding static interface elements. This
ensures spatial consistency with the virtual environment. Furthermore, the actions
of the user and the feedback from the interface elements should also maintain a nat-
ural correspondence in space. For instance, when the user turns their head or moves
their hands, buttons, menus, and other elements in the interface should respond in
real time and be displayed in the most comfortable position for the user, avoiding
being obstructed or placed outside of the user’s interactive range.

In high-fidelity VR environments, the principle of visual-spatial consistency
requires that virtual interface elements maintain dynamic spatial consistency with
the user’s view and objects in the virtual environment. This means that interface ele-
ments must be closely linked to the specific position in the environment and the user’s
head or hand movements to ensure stability and naturalness. Anchor-point match-
ing technology plays a key role in implementing this design principle. Anchor-point
matching assigns specific virtual space coordinates to interface elements, ensuring
that these interface elements can automatically adjust their spatial position according
to user actions and changes in perspective. For example, when the user walks, turns
their head, or changes their view in the virtual environment, anchor-point matching
technology can real-time position the interface elements at fixed spatial locations or
in relation to specific objects, ensuring that these interface elements remain within
the user’s line of sight, avoiding drifting or misalignment. This precise spatial match-
ing not only enhances the visual consistency between the interface and the virtual
environment but also ensures operational stability during user interaction.

Another important value of anchor-point matching technology in improving the
stability of MUT is that it effectively solves the flexibility and accuracy issues of inter-
face elements in user-space interaction in VR. Traditional user interface design often
relies on fixed two-dimensional layouts, but in VR environments, interface elements
need to dynamically adjust according to the user’s spatial position, movement
trajectory, and changes in perspective. Through anchor-point matching, interface
elements are “fixed” at the spatial anchor points required by the user, ensuring that
regardless of how the user turns or moves, the interface remains in the appropriate
position for interaction. For example, when using gesture controls, buttons, menus,
and other interface elements adjust in real time according to the user’s hand position
and do not shift due to the user’s movement or change in posture.

3  ANCHOR-POINT MATCHING METHOD BASED ON SLAM
IMPLEMENTATION

The application of the anchor-point matching method based on SLAM in
high-fidelity VR environments is crucial for ensuring that MUI elements maintain
consistency with the physical space in the virtual environment through precise spa-
tial localization and map construction, thereby stabilizing the user interaction expe-
rience. In the front-end of SLAM, the three-dimensional point cloud data obtained
through scanning provides initial geometric information of the VR environment,
which can be used as the initial positioning basis for the anchor points of the
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interface elements. Through the front-end scan matching technology, the user’s
position is linked to specific three-dimensional coordinates in the environment,
enabling the interface elements to dynamically adjust their position in virtual space
based on the user’s actual location, perspective, and dynamic changes in real time.
This process ensures the visual-spatial consistency between the interface elements
and the physical space in the virtual environment, meaning that no matter how the
user moves or changes their perspective, the interface elements will consistently align
with the actual objects in the environment and the user’s interaction needs, avoiding
drifting or misalignment of the interface elements in virtual space. On the back-end,
SLAM’s graph model is used to further optimize these initial anchors point positions
through probabilistic constraints and sparse matrix optimization, adjusting the user’s
movement trajectory and map construction for global consistency. During the loop
closure phase, the SLAM system analyzes the front-end user interaction data and
back-end subgraph information to identify and correct map deviations caused by
accumulated errors. This optimization process ensures the accuracy of anchor-point
matching and prevents inconsistencies between the interface elements and the vir-
tual environment caused by the accumulation of errors during long-term interaction.

3.1 Scan matching inserted into subgraphs

In high-fidelity VR environments, the stability of the MUI relies on accurate
pose estimation and dynamic map updating, with the scan matching inserted into
subgraphs being one of the key technologies for achieving this goal. Based on the
SLAM method, scan matching is used to align the point cloud data from laser scans
with an existing map, providing accurate spatial information for the user interface.
In a VR environment, the user’s pose y= (a, b, ¢)T determines their position and
orientation in virtual space. Through scan matching technology, each laser scan’s
generated point set G = {g } is aligned with the previous submap. Each new laser
scan data is matched with previous data, and the position of the scan frame is
adjusted through the coordinate transformation S, ensuring that the point cloud
data is accurately inserted into the current subgraph, forming a complete and more
stable virtual map. The coordinate transformation formula is as follows:

I)—so_[ COSe -SINeY(8,) (a "
u < sivg  cose |\ g, ) \b

Fy
Fig. 1. Example of subgraph scale increase
The introduction of the subgraph concept, through the divide-and-conquer
method, divides the global map into multiple smaller subgraphs, effectively reduc-

ing the accumulation of errors and thus improving the precision of scan matching.
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Figure 1 shows an example of the increase in subgraph scale. When the user moves
within the virtual environment, the system calculates the transformation relation-
ship between each pair of consecutive scan frames, matching the current frame’s
laser scan data to previous frames, thereby generating a new subgraph. As the user
continues to move, new scan data is inserted into the corresponding subgraph, with
each subgraph representing a small area of the virtual environment. As the sub-
graphs continuously expand and update, the system can precisely build a gradually
optimized global map, ensuring spatial consistency between the interface elements
in the VR environment and the real environment. Particularly in high-fidelity VR,
the continuous growth of subgraphs allows the virtual environment to respond
more precisely to the user. Whenever the user changes their position or perspec-
tive, the interface elements are updated based on the real-time scan data, thereby
avoiding drift or misalignment of interface elements.

3.2 Gaussian-Newton optimization to reduce errors

In the anchor-point matching method based on SLAM, as the user moves and
scan data is continually added, the accumulation of errors between the gradually
formed subgraphs occurs. To ensure the stability of the MUI in high-fidelity VR
environments, it is necessary to correct the poses of these subgraphs through an
effective optimization method. The Gaussian-Newton optimization is a commonly
used algorithm for solving such nonlinear least-squares problems. Its core objective
is to eliminate map deviations caused by accumulated errors by minimizing the
pose errors, thus ensuring the stability and accuracy of the user interface.

During the Gaussian-Newton optimization process, an initial pose yneeds to be
given first, and the new pose change Ayis estimated using scan data or previous
subgraph information. The core of this step is to define and minimize the obser-
vation error caused by pose errors between subgraphs. In VR environments, such
errors typically manifest as deviations between interface elements and the actual
positions of objects in the virtual environment, which may lead to misalignment
or uncoordinated experiences during user interaction. Assuming the cubic spline
smoothing function is represented by L, the optimized pose is:

v = argmini(l ~L{1,0))) 2)

4 u=1

First, given the initial pose ¥ define and estimate Ay and minimize the observa-
tion error, we have:

vV

> (1-L(T + Ay)))2 50 3)

u=1

To eliminate these errors, a first-order Taylor expansion L(T, (y+ Ap) is used to lin-
earize the errors; that is, assuming that the pose change Ayis small, the error change
can be approximated as a linear relationship between the pose error and the pose
change. This step transforms the complex nonlinear problem into a simpler linear
problem, making it easier to solve.

vV

2
Z[l-L(%))—VL(YL(y))61;;;”Ay] ~0 @
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Next, the Gaussian-Newton method iteratively optimizes the poses of each sub-
graph, gradually correcting the errors. Specifically, the Gaussian-Newton method
calculates the Jacobian matrix of the errors and uses it to update the pose Ae,
thereby gradually reducing the error. In each iteration, the algorithm continuously
adjusts the pose of the subgraph until the error is minimized. The advantage of the
Gaussian-Newton method is its ability to gradually converge through multiple iter-
ations, effectively reducing the misalignment of interface elements in the virtual
environment caused by the accumulation of errors. Suppose the Hessian matrix is
represented by G, and the formula for solving Ayto minimize it using the Gaussian-
Newton method is:

S
Ay =G12{VL(TM(}/))%;}/)} [1—L(Tu(y)ﬂ (5)
The Hessian matrix formula is:
S
G= {VL(TM(y)) ag‘f/)} {VL(TU(J/)) ag;y)} (6)

Suppose the gradient of the subgraph is approximated by VL, then by combining
with Eq. (1), we have:
o, (r) 1 0 =SIN(p)g, -COS(p)g, 7
oy 0 1 COS(p)g, -SIN(p)g,

3.3 Pose loop closure and map correction

In high-fidelity VR environments, the stability of the user interface directly
depends on accurate pose estimation and real-time dynamic map updates. As the
user moves through the virtual space, the accumulation of errors may distort the
map, affecting the position of interface elements and the smoothness of interactions.
To solve this issue, pose loop closure and map correction are critical steps to ensure
the accuracy of the map and the stability of the interface in the VR environment.

Fig. 2. Map drift detection

Pose loop closure refers to the system’s ability to detect the similarity between the
current user position and previously visited positions when the user returns to an
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earlier location in the VR environment. By matching scan frames, the system iden-
tifies the loop closure. Specifically, pose loop closure is based on the previously con-
structed subgraphs and scan data. It compares the estimated pose of the new scan
frame with the poses in the existing subgraphs to find a loop closure. In this way,
the system can effectively identify and correct map drift caused by pose estimation
errors, as shown in Figure 2. In practice, loop closure detection quantifies the error
using relative pose constraints y, and covariance matrix ¥ ,. Suppose the number of
accumulated subgraphs is denoted as [, and the number of correctly matched scans
is v. The poses of the subgraphs and scan poses in the global coordinate system can

be represented as R' ={y!} ~ and R = {y{(}k ., then the following equation holds:

u=1,..,1 =1,..,

1
argmmE;S (R2 (yli,y;{; Zuk,yuk)) 8)

RLR!

These constraints are added during the optimization process, helping the system
determine whether a new scan frame matches an existing subgraph or scan
frame. The loop closure is confirmed by comparing the features in the scan data.
Suppose the Huber loss function is represented by ¢, the residual of this constraint
is calculated as:

S -1
RZ(ylll’yli;Zuk’ }/uk)=r(}/li,}/}i;7/uk) Zukr(}/i,}/;{;}/uk) ©)
Ut E;ll (syl_sr‘)
P(reriot) =rem| PV (10)
Vo™ Vio

When the subgraph construction is completed, it is further incorporated into
the loop closure detection. In high-fidelity VR, loop closure detection not only relies
on the similarity of the user’s pose but also uses nonlinear optimization methods
to ensure precise matching. At regular intervals, the Ceres nonlinear optimization
library is used for global optimization, further reducing the impact of errors. In this
way, pose loop closure detection in the virtual environment not only ensures the
stability of the user interface but also effectively corrects map distortion caused by
user path curvature or error accumulation.
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Fig. 3. Example of global and local maps after loop closure optimization
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The core goal of pose loop closure detection is to correct errors by re-estimating
the user’s position in the map, thus performing map correction. When the system
detects that the user has returned to a previously visited area, it compares the new
scan frame with previous ones. By matching the two different time poses as identi-
cal, the system eliminates the effect of errors. For example, if the user moves from
starting point A along a path to reach position C, due to accumulated errors, the
path from A to C on the map appears distorted. However, through loop closure
detection, the system finds that the features near point C match those at point A,
thus considering A and C to be the same point. By matching these two positions,
the system can correct the entire map’s deviation. Loop closure correction not only
eliminates path errors but also performs global optimization on the map, ensuring
that the user interface elements in the virtual environment remain consistent with
their real-world positions, avoiding misalignment or inconsistency caused by error
accumulation.

In the map correction process, nonlinear least-squares optimization algorithms
are used to optimize the poses of all subgraphs and scan data in a unified manner,
ensuring the accuracy of the global map. By treating each subgraph’s pose as an
optimization variable, the system calculates new constraints and performs optimi-
zation at each loop closure, gradually eliminating the map distortion caused by error
accumulation. Figure 3 shows an example of the global and local maps after loop
closure optimization. Figure 4 provides a comparison of the loop closure optimized
mobile path.

—— Pre-closed-loop trajectory

100 ——Post-closed-loop trajectory
80
Y/m 60
40
20

-50 0 50 100 150
X/m

Fig. 4. Comparison of loop closure optimized mobile path

4  EXPERIMENTAL RESULTS AND ANALYSIS

According to the experimental data shown in Figure 6, the absolute trajec-
tory error of the user’s movement path along three dimensions (%, y, z) exhibits
certain variations. Specifically, in the x-axis direction, the error fluctuates signifi-
cantly over time, with a noticeable increase at 30 seconds and 40 seconds, where
the maximum error reaches —0.13 m. At 15 seconds, the error is 0, after which it

International Journal of Interactive Mobile Technologies (iJIM) 51


https://online-journals.org/index.php/i-jim

Shen

52

gradually changes to —0.04 m. Overall, the error shows fluctuations over longer time
periods. The error in the y-axis direction remains relatively stable, with only slight
increases at 30 seconds and 35 seconds. Most of the errors stay within a small range
(-0.1 m to 0.13 m), and the fluctuation is minimal, especially between 25 seconds
and 35 seconds, where the error remains close to 0. The z-axis error also shows
some fluctuation but is relatively consistent, with an error range of approximately
0 to 0.12 m. Except for the period between 20 and 30 seconds, where the error
remains relatively stable, there is noticeable fluctuation during other times. From
the analysis of the experimental data, it can be seen that the user’s position error
in the VR environment does not show an obvious growth trend, and the error fluc-
tuations are relatively stable. Particularly, the errors along the y-axis and z-axis are
smaller, indicating that the positioning accuracy of the VR system is ideal in these
two directions. Figure 5 displays an example of the matched path using the method
described in this paper.

\
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Fig. 5. Example of matched path using the method described in this paper
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Fig. 6. (Continued)
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Fig. 6. Absolute trajectory error of the user’s movement path
15
13 - Matched path
| S SV SN W Actual moving path
9
7 L
O_\ ~-
R
3 -
1 i 1 1 1
1o 10 20 30 \/ 40
3k
-5

t/s

Fig. 7. (Continued)

iJIM [ Vol. 19 No. 7 (2025) International Journal of Interactive Mobile Technologies (iJIM) 53


https://online-journals.org/index.php/i-jim

Shen

10
——— Matched path
A S | Actual moving path
5 0 '
: " V50
a.
5 |
-10
-15
t/s
o [ —— Matched path
S R A S— Actual moving path
5 -
s |
>
l -
-1 ¢ i
-3 F
-5

t/s

Fig. 7. User pose absolute trajectory error

According to the experimental data given in Figure 7, the absolute trajectory
errors of the user’s pose in the three rotation angles (roll, pitch, and yaw) exhibit
certain fluctuations over time. For the roll axis, the error variation is relatively small,
with the overall fluctuation range between —4 m and 15 m. In the early stage (0 to
20 seconds), the error remains relatively stable, with the maximum error occur-
ring at 30 seconds and 40 seconds, being -3 m and 4 m, respectively. The error on
the pitch axis is more significant, with a fluctuation range from —13.8 m to 10.2 m.
Particularly between 20 seconds and 30 seconds, the error changes more drastically,
and between 30 seconds and 40 seconds, the fluctuation tends to converge, becoming
stable. The fluctuation of the yaw axis error is relatively small, with a change range
of —1.5 m to 9 m, but there are periods (such as at 10 seconds and 30 seconds) where
the error is somewhat abrupt, with the maximum error being 9 m. Overall, the error
fluctuations on all three axes show instability, especially in the error changes on the
pitch axis, where there are large fluctuations. Combined with the experimental data,
it can be seen that in the user’s pose estimation process in the VR system, although
the error changes are relatively stable in the roll and yaw directions, the error fluc-
tuation in the pitch axis is more pronounced, indicating poorer positioning accu-
racy in this direction. Specifically, the larger fluctuations in the pitch direction may
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be related to factors such as sensor accuracy in the VR system and the positioning
errors of the SLAM algorithm in the vertical direction.

Table 1. Matching efficiency and accuracy for different matching schemes

Method Matching Time Accuracy /%
EKF SLAM 17s/iteration 82.6
Fast SLAM 6.7s/iteration 85.4
The Proposed Method 4.1sfiteration 92.3

According to the experimental data of different matching schemes in Table 1,
significant differences were observed among the three methods in terms of match-
ing time and accuracy. The EKF SLAM method had a matching time of 17 seconds per
iteration, with an accuracy of 82.6%. The Fast SLAM method had a shorter matching
time of 6.7 seconds per iteration, but the accuracy improved to 85.4%. The method
proposed in this paper, however, demonstrated the best balance between matching
time and accuracy, with a matching time of 4.1 seconds per iteration and the highest
accuracy of 92.3%. These results indicate that the method proposed in this paper not
only significantly outperforms EKF SLAM and Fast SLAM in terms of time efficiency
but also exhibits a notable advantage in accuracy.

5 CONCLUSION

This paper focuses on the design of MUI in high-fidelity VR environments and
anchor point matching methods based on SLAM, aiming to improve the accuracy
and real-time performance of user interaction in VR systems. First, in terms of
interface design, this paper analyzes user requirements in VR environments and,
combined with current technological developments, proposes a series of interface
design guidelines that meet the needs of VR applications, emphasizing adaptable
and intuitive design solutions. Through these design principles, this paper provides
theoretical support and practical guidance for user interfaces in future VR systems.
Second, in response to the challenges of user position tracking in VR, this paper inves-
tigates anchor point matching technology based on the SLAM algorithm, optimizing
the system’s positioning accuracy and interaction response speed. Experimental
data verification shows that the SLAM optimization method proposed in this paper
exhibits significant advantages in improving the system’s real-time performance
and accuracy, enabling more precise user position tracking, and greatly enhancing
the smoothness of VR interactions.

In summary, this study provides innovative technical support for MUI design and
positioning in high-fidelity VR systems, achieving significant results in improving
system accuracy and real-time performance. The optimized SLAM algorithm and
anchor point matching technology significantly reduce matching time and improve
accuracy, offering more stable and efficient solutions for dynamic interaction in
VR environments. The main value of this study lies in its effective response to core
issues in VR technology, particularly in application scenarios that require high posi-
tioning accuracy and real-time performance, which has important practical signif-
icance. However, there are certain limitations in this study. For instance, the study
mainly focuses on the optimization of traditional SLAM algorithms and does not
explore the potential integration of emerging deep learning methods with SLAM
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in depth. Moreover, this paper does not address the impact of more complex VR
environments (such as multi-user interaction in large-scale scenarios) on system
performance. Therefore, future research could explore the combination of deep
learning and SLAM to further enhance the system’s adaptability and intelligence.
Additionally, the application scenarios of the research could be further expanded to
test its performance in more complex and diverse VR environments, further improv-
ing and optimizing the overall performance of VR systems.
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