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Abstract. In narrow and obstacle-dense indoor environments, transporting large
equipment often requires pose transitions of a transport unit composed of the object
and the worker. Therefore, translation-only and fixed-pose planning are insufficient
because they may fail to find a collision-free path. Even when a collision-free
transport path is found, the transport unit may pass too close to the surrounding
obstacles. In such cases, the path has insufficient clearance for safe transport. This
paper addresses fixed-height planar transport with yaw changes in measured point-
cloud environments. First, the measured point clouds of the environment and the
transport unit are converted into a unified voxel representation. Second, for each
discretized yaw, a pose-dependent configuration-space (C-space) obstacle voxel set
is precomputed using an inverse offset. Third, a pose-dependent risk field is defined
by combining a binary collision term for collision checking with a clearance-based
penalty to evaluate the clearance from surrounding obstacles. Finally, an extended
A* search is performed in a discrete search space for the planar position and yaw,
and the intermediate rotation of each yaw change is explicitly validated. A yaw
change is accepted only when the entire rotation remains collision-free. Experiments
in two real scanned environments and one synthetic environment with a narrow
passage showed that the proposed method reduces the high-risk rate and improves
the minimum clearance, while maintaining a path length comparable to that of
translation-only planning. In addition, in the most constrained real scanned
environment, the proposed method found a collision-free transport path, whereas
the fixed-yaw methods failed. These results show that the explicit handling of yaw
change and clearance is effective for transport planning in measured point-cloud
environments.
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1  INTRODUCTION

In indoor industrial environments, the transport of large equipment and precision machinery is often
planned by combining blueprint-based checks with onsite judgments based on experience. In narrow
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and obstacle-dense spaces, whether a collision-free transport path exists may depend on yaw during
motion. Therefore, path-planning cannot be reduced to translation-only or fixed-yaw motions. Even
if the transport unit is collision-free at both the initial and target yaw angles, collisions may still
occur during the intermediate rotation. Therefore, the yaw change must be verified throughout the
complete yaw transition, not only at the initial and target yaw angles. Collision-free motion alone is
insufficient for safe transportation. A collision-free path may still leave insufficient clearance. This
requirement is consistent with the machinery safety distance requirements [3,5]. Therefore,
transport planning in narrow indoor industrial environments should consider not only collision
avoidance, but also clearance from surrounding obstacles. In such environments, maintaining
sufficient clearance may require yaw adjustments during transport, and a feasible transport path
may not be found if yaw changes are not considered.

Measured point clouds are increasingly being used in engineering applications. Advances in
terrestrial laser scanning, mobile or handheld laser scanning, RGB-D-based three-dimensional
reconstruction [18,25], and photogrammetry [26] have made it feasible to obtain high-precision
geometric information of real environments. Such measured point clouds can be represented and
used in path planning [6,11]. However, these studies did not directly address the present transport
problem. They did not jointly consider yaw change, clearance from surrounding obstacles, or the
occupied shape of the transport unit under different yaw configurations. Therefore, it is difficult to
apply them directly to transport path-planning for large equipment in narrow indoor industrial
environments. In addition, environmental point clouds may be large; therefore, the planning method
must also maintain a practical computation time.

Based on these observations, the path-planning method required in this study should satisfy
three requirements. First, it should directly use the measured point clouds of both the environment
and the transport unit. Second, it should explicitly handle yaw changes and clearance from
surrounding obstacles, rather than relying only on binary collision checking. Third, the computation
time should be practical for large voxelized environments.

To satisfy these requirements, this study proposes a risk-aware path-planning framework for
object transport in measured point-cloud environments. The details of the framework are presented
in Section 3.

The main contributions of this study are as follows.

e A transport-path-planning framework is proposed that directly uses the measured point
clouds of both the environment and the transport unit.

e A pose-dependent feasibility model is introduced such that each candidate yaw transition is
validated not only at discrete poses but also throughout the intermediate rotation.

e A clearance-based evaluation is incorporated into path-planning so that the planner can
distinguish between collision-free paths and paths that maintain sufficient clearance from
surrounding obstacles.

e Quantitative experiments in two real scanned environments and one synthetic narrow-
passage environment show that the explicit consideration of yaw change and clearance
improves both the feasibility and safety margin.

The remainder of this paper is organized as follows: Section 2 reviews the related work on
measured point-cloud representations for planning, pose-dependent collision checking, and
clearance-aware path-planning. Section 3 describes the proposed method. Section 4 presents
experimental results. Finally, Section 5 concludes the paper.

2 RELATED WORK

This section reviews related work from three perspectives corresponding to the requirements stated
in Section 1. Section 2.1 reviews how the measured point clouds are obtained and represented for
planning. Section 2.2 reviews how the collision-free feasibility is modeled when yaw is considered.
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Section 2.3 reviews how clearance and risk-related cost terms are incorporated into path-planning.
From these three perspectives, the purpose of this review is to identify the aspects of the present
transport problem addressed by the existing studies and the aspects that remain unresolved.

2.1 Measured Point-Cloud Representation for Path-Planning

Transport path-planning in an actual indoor industrial environment requires a representation based
on the measured geometry. Malhan and Gupta [16] studied planning algorithms for acquiring high-
fidelity point clouds for accurate and fast three-dimensional reconstruction. Newcombe et al. [18]
proposed KinectFusion, which reconstructs dense surfaces from RGB-D data in real time. Curless
and Levoy [4] integrated multiple range images into a volumetric representation, and Whelan et al.
[25] extended volumetric fusion to large-scale RGB-D SLAM. These studies demonstrated how real
environments can be measured, reconstructed, and represented for subsequent computations.

For path-planning, measured point clouds are often converted into discrete spatial
representations. Elfes [6] introduced occupancy grids for mobile robot perception and navigation.
Felzenszwalb and Huttenlocher [7] proposed a distance transform for sampled functions that enabled
the efficient computation of the distance from each grid cell to the nearest occupied cell. Hornung
et al. [11] proposed the OctoMap, an octree-based three-dimensional mapping framework for large
environments. These studies are useful because they convert measured data into representations
that can be directly used in planning.

These studies provide a basis for representing real environments using measured data and
discrete spatial representations, such as occupancy grids and voxel-based models. In this study, we
adopted a voxel-based representation to enable efficient geometric computation during path
planning. In contrast to previous studies that focused primarily on representing the environment,
we represented the transport unit as an occupancy voxel model under varying yaw configurations.
This enables a unified and consistent evaluation of both the environment and the transport unit
geometry during planning.

2.2 Pose-dependent Feasibility Modeling and Collision Detection

In the current transport problem, the planner must determine whether the transport unit is collision-
free at a given position and yaw. Niwa and Masuda [19] studied collision detection in engineering
plants based on large-scale point clouds. Pan et al. [21] proposed Flexible Collision Library (FCL),
which is a general-purpose library for collision and proximity queries. These studies demonstrate
that collision checking can be performed for complex shapes in large geometric environments.
However, path-planning methods based on on-the-fly collision checking incur high computational
costs. When multiple candidate paths must be explored, or fine adjustments of paths are required,
the following configuration-space-based approach is more suitable:

From the viewpoint of motion planning, Latombe [12] described configuration-space (C-space)
obstacles as a standard framework for pose-dependent feasibility. Li and McMains [13] studied the
voxelized Minkowski sum computation on a GPU, and Varadhan and Manocha [24] studied the
Minkowski-sum approximation of polyhedral models. These studies show how pose-dependent
collision regions can be constructed from the object and environment shapes.

These studies provide the basis for pose-dependent collision checking using configuration-space
representations. However, these methods typically only evaluate the feasibility of discrete poses. In
the current transport problem, feasibility must be ensured not only in individual yaw configurations,
but also during transitions between them. A candidate yaw change may be collision-free at both the
initial and target yaw configurations, while the intermediate rotation still intersects the environment.
Therefore, this study explicitly verifies the collision-free conditions throughout the continuous yaw
transition, enabling a reliable evaluation of the pose-dependent feasibility during path planning.
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2.3 Path-Planning Based on Clearance and Risk

For the present transport problem, collision checking alone is insufficient because the path must also
maintain clearance from surrounding obstacles. Felzenszwalb and Huttenlocher [7] proposed a
distance transform that can be used to compute the distance between each grid cell and the nearest
obstacle. Fox et al. [9] used obstacle proximity in the Dynamic Window Approach for local obstacle
avoidance. A key advantage of this study is that it incorporates obstacle proximity into path-planning
rather than considering only collision avoidance.

For search-based path-planning, Hart et al. [10] established A* as the standard shortest-path
search method. The advantage of A* is that it provides a standard framework for path search.
Likhachev et al. [14] proposed ARA*, which can quickly determine an initial path and improve it as
the search continues. The advantage of this method is that it shows how the search efficiency can
be improved without considering the first solution as a final step. Nordstrém et al. [20] studied risk-
aware A*-based planning in a time-dependent distributed multi-agent setting. The advantage of this
work is that it showed that risk-related cost terms can be incorporated into the search process. Liu
et al. [15] reviewed path-planning methods for mobile robots and summarized widely used planning
frameworks. The advantage of this review is that it places several planning methods in a common
context.

These studies provided a basis for incorporating clearance- and risk-related cost terms into path-
planning. However, they did not directly address transport path-planning, in which yaw change and
clearance must be considered together. Therefore, this study combines clearance-based evaluation
with yaw-dependent feasibility in a path-planning framework.

3 METHOD

3.1 Method Framework and Problem Formulation

Figure 1 illustrates the workflow of the proposed method. This method takes measured 3D point
clouds of both the environment and the transport unit as input. After preprocessing and voxelization,
pose-dependent configuration-space (C-space) obstacles are generated for the discretized yaw poses
using an inverse offset. Based on these C-space obstacles, a risk field is constructed to represent
both hard collision constraints and clearance-related safety margins. Finally, an extended A* search
is performed in a discrete position-yaw state space, together with the explicit validation of
intermediate rotations during pose transitions. Before describing each component of the method in
detail, we first summarize the planning problem addressed in this study. The proposed workflow was
designed such that most geometry-dependent computations were performed during preprocessing.
Specifically, ground removal, voxelization, transport-unit voxel generation for discretized yaws, and
pose-dependent C-space obstacle generation were performed before the search. Consequently, the
online search stage relies mainly on voxel occupancy queries, risk-field queries, and cost updates.
This design shifts most computational overhead to preprocessing, and enables an efficient path
search in large-scale point-cloud environments.

The proposed formulation is based on the following assumptions and scope. This study focuses
on fixed-height planar transport on approximately flat indoor industrial floors. This scope is consistent
with industrial floor design, construction, and acceptance practices in which floor flatness, levelness,
grade, elevation, and surface regularity are commonly specified or measured. For example, the
American Concrete Institute guide ACI 302.1R-15 addresses concrete floor and slab construction for
industrial, commercial, and institutional buildings, and outlines floor flatness and floor levelness
requirements and measurements [1]. The ASTM International Standard E1155/E1155M-23 provides
a standard test method for determining floor flatness and floor levelness numbers [2]. In Japan, the
Public Building Standard Specifications for Architectural Works issued by the Ministry of Land,
Infrastructure, Transport, and Tourism define the standard values for the flatness of finished concrete
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surfaces [17]. Therefore, yaw was considered as the dominant pose variable during transport,
whereas pitch and roll were not included as active planning variables in the present formulation. In
this approximately flat-floor setting, adding active pitch and roll is unlikely to substantially change
the planar transport path; however, it would increase the dimensionality of the search space and the
number of pose-dependent C-space obstacle sets.

Problem Formulation: The planning problem addressed in this study is defined as follows.

e Input: Measured 3D point cloud of the environment PE; measured 3D point cloud of the
transport unit Py ; discretized yaw set ©; and fixed transport height layer kﬁa: for planar
transport; start configurationx, = (v,,0,) ; goal configuration X, = (Vgaeg .

e State: x=(v,/), where v denotes the voxel position on the fixed-height layer and 6<€©
denotes the discretized yaw.

e Actions: 8-neighborhood translations in the xy plane, each optionally accompanied by a local
yaw transition at the candidate successor state.

e Constraints: Each accepted state must be collision-free, and each accepted yaw transition
must remain collision-free throughout the intermediate rotation.

e Output: A collision-free sequence of states connecting the start and goal configurations while
minimizing the accumulated path cost under the above constraints.

The following subsections detail the main components of the proposed framework, including

preprocessing, pose-dependent C-space obstacle generation, risk field construction, and extended
A* search.

Environmental Ground removed environment Pose-dependent C-space Transport risk field Minimum-cost path
point cloud & transport unit voxels obstacle voxel =Y 1

\ o

Pre- —> Pose-dependent C-space — Risk-field = —> Optimal path search — \

processing  ©obstacle generation generation and visualization
Transprt unitT Voxelization T[nverse offset processing Distance field [ '
point cloud ' Ground removal Risk definitions Extended A* algorithm

Figure 1: Workflow of the proposed method.

3.2 Voxel Generation and Unified Representation Based on Measured Point Cloud

First, we preprocessed and voxelized the environmental point cloud P; and converted it into a
regular voxel grid with a voxel size of s. A voxel is labeled occupied if it contains at least one point
after preprocessing, and the set of all occupied voxels is denoted by V. Because the target scenario
was planar transport on flat ground, the ground points were removed before voxelization. Specifically,
the ground plane was detected using RANSAC-based plane fitting [8,22], and the points classified
as belonging to that plane were removed. After ground removal, the remaining points were voxelized
to obtain the environment occupancy voxel set V for subsequent path-planning.

The point cloud of the transport unit ©, represents the transported object and the worker as a
whole. To maintain a consistent discrete representation with the environment, this study also
voxelizes the transport unit. Because the path-planning process must account for the geometric
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occupancy of the transport unit at different yaw angles, a corresponding set of occupancy voxels V(f
is generated for each discrete yaw 0 <€©.

For planar transport, the translational motion is restricted to the fixed-height layer km
introduced in Section 3.1. In this study, kfix was set to the voxel layer at the midpoint of the
transport-unit height after voxelization.

The unified voxel representation serves two purposes. First, it allows the environment and the
transport unit to be represented within the same discrete geometric framework, thereby facilitating
the subsequent pose-dependent configuration-space construction and risk assessment. Second, it
allows collision detection, risk field queries, and search expansions to be performed on a voxel grid,
providing a foundation for efficient planning in large-scale point-cloud environments.

3.3 Generation of Pose-dependent Configuration Space Obstacle Voxels Based on Inverse Offset

To efficiently determine whether the transport unit will collide with the environment at a given
position and yaw during the path search, we precompute a configuration-space obstacle voxel set
for each discretized yaw in ©. During the search phase, collision checking can be reduced to voxel
occupancy queries instead of repeatedly performing geometric interference calculations for every
candidate state.

For a ?iven discrete yaw 6, we compute the corresponding pose-dependent C-space obstacle

(8,0ffset . . % . V9

set Vy using an inverse offset. Here Yy represents the environmental occupancy voxel set, ¥,

represents the ocecupancy voxel set of the transport unit at yaw 4, (V(f)’1 represents the inverse
reflection set of V;, and @ denotes the Minkowski sum. The resulting set is defined by Eq. (3.1).

VE(G,()ffset) =V, ® (Vg)—l (3.1)

Through Eq. (3.1), the original environment occupancy voxel set Vg is transformed into the
configuration-space obstacle voxel set Vég‘offm , corresponding to the yaw 6. When the transport
unit is placed at a position voxel v with a pose 6, if v falls within this set, the current configuration
collides with the environment; otherwise, the configuration is collision-free. Therefore, in any state
of x= gv.ﬂ), collision detection can be simplified to check whether the position voxel v belongs to
Véﬁ’ofﬁd . This occupancy-query formulation provides a unified geometric foundation for subsequent

risk-field construction and path search.

3.4 Construction of the Risk Field

The risk field at pose 8 consists of two components: the binary collision term Rf(V) is set to 1 if the
voxel v lies inside V;“-Ofﬁ“f” (i.e., a colliding configuration), and 0 otherwise. This reduces collision
checking to a simple occupancy query, thereby avoiding expensive geometric interference tests. The
clearance-based risk Rj(v) quantifies clearance as a continuous safety margin. Let ¢’(v) denote the
Euclidean distance from the voxel v to the nearest occupied voxel in the pose-dependent C-space
obstacle set V""" The risk field R](v) is defined as follows:

Rg(v) = maz(0,1—d’(v) / d..) (3.2)

This definition yields Rj(v):l at zero clearance (on the obstacle surface), which decreases
monotonically as the clearance increases and becomes zero once the distance exceeds @ . We set
¢ .. =1 m, rounded from the recommended human working-reach value of 1.07 m [23]

for practical application. Overall, the risk field provides a unified input that combines hard
collision constraints R:(V) with a soft clearance-based risk Rg(v), which is later queried in the state
space (v,0) during a risk-aware path search.

Computer-Aided Design & Applications, 24(2), 2027, 203-217
© 2027 U-turn Press LLC, http://www.cad-journal.net



http://www.cad-journal.net/

209

3.5 Extended A* Search with Pose Transition Validation

We perform an extended A* search in the discrete state space introduced in Section 3.1. Each
expansion considers two types of actions: planar translations to 8-neighborhood voxels and pose
transitions between neighboring discretized poses. For each candidate successor state *' generated
from the current state, the evaluation function is defined by Eq. (3.3).
F(a') = H(z') + G(z') (3.3)

Here, H(z') denotes a weighted heuristic term defined on the 8-neighborhood voxel grid and
excludes pose-transition costs, G(z) is the accumulated cost from the start to the current state =,
and G(2') is the accumulated cost from the start to the candidate successor state z'. The
accumulated cost is updated using Egs. (3.4) and (3.5):

G(z)=0 (z =m,) (3.4)
G(z') = G(z) + Ag(x,2) (3.5)

where Ag(r,2') is the single-step cost. Because collision states are excluded by the binary
collision term Rf(V) and the pose-transition feasibility constraints described below, we use only
clearance-based risk in the cost, defined as

Ag(r,x") = ws (A2 + (A + wdR;'(v') (3.6)

where w, and w, are weighting factors. Here, if V=(ijk;) and v'=("7"k,) , then
Ai=1i —i,Aj=4 —j, where s is the voxel size. To keep the branching factor bounded while
maintaining safety, we adapt the action set based on the clearance-based risk evaluated at the
candidate next state z'. If the clearance-based risk at the candidate next voxel v’, evaluated under
the discretized yaw aligned with the translational direction from v to v’, is zero, the successor is
accepted and the next yaw is set to that direction-aligned yaw without additional local pose search.
If the clearance-based risk at the candidate next voxel v’', evaluated under the discretized yaw
aligned with the translational direction from v to v’, is greater than zero, local pose transitions are
additionally allowed so that the transport unit can adjust its yaw when passing through narrow
sections. When pose transitions are enabled, we select the next yaw 6’ by minimizing the clearance-
based risk at the next position v’ as follows.

o' = argminl)eA( (o) Rl'i)(v') (3.7)

Here, ¥ is a feasible candidate yaw. The set AC(I,V') restricts pose transitions to candidates that
remain collision-free during the entire rotation and that preserve next-step feasibility in the search.
Therefore, AC(I,V') is determined by collision and rotation-feasibility constraints. Here, the intended
translational direction means the planar translation direction from the current voxel v to the
candidate next voxel v’, before any local yaw adjustment is applied. Among feasible candidates,
directional consistency with the intended translational direction is used as a secondary tie-breaking
criterion. Specifically,

Ax,v) = {0 €{6,0 £10} | R*)(v) = 0, R)(v') = 0,V¢ € ®(0 — 0, M)} (3.8)

c

For a candidate pose transition from x = (v,0) to z'= (v',9) the yaw change is discretized into M
intermediate yaws @;---®)y, as in Eq. (3.8). For each ¢, , occupancy is checked at both the current
voxel v and the next candidate voxel v/ by occupancy-based collision tests on the voxel grid. The
transition is accepted only if both R“’(v)=0and B*'(v)=0 hold true for all the ¢, € ®(0 — 0, M)
To reduce repeated checks during A* expansions, the feasibility result for (v,v'.6,9) is stored and
reused whenever the same transition is evaluated again.
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4  EXPERIMENTS

4.1 Experimental Setup

The proposed method was evaluated in three environments. Figure 2 shows the datasets used for
evaluation: Figure 2 (a) shows the transport unit, and Figure 2 (b), (c), and (d) show Environments
1, 2, and 3. The transport unit, consisting of the transported object and the worker, was digitized
using smartphone-based LiDAR scanning with the Scaniverse app and then manually denoised; its
overall dimensions are 1.83 m x 1.21 m x 0.63 m. Environment 1 is a real indoor scene from a
university building at Hokkaido University, measured using terrestrial laser scanning with a Leica
BLK360 G2. The environment has dimensions of 26.6 m x 10.2 m x 1.9 m. Environment 2 is a
synthetic narrow-passage environment modeled in Unreal Engine, with dimensions of 50.0 m x 50.0
m X 2.1 m. Environment 3 is a real indoor scene from the heat-source plant at Hokkaido University,
measured using mobile handheld laser scanning with a FARO Orbis. The environment has dimensions
of 35.1m x 17.1 m x 2.0 m.

Dimensions: Dimensions: Dimensions: Dimensions:
1.83m x 1.21m x0.63m 26.6m x 10.2m x1.9m 50.0m x 50.0m x2.1m 35.1m x 17.1m x2.0m
H) r\‘
s

(a) (b)

Figure 2: Point-cloud datasets used for evaluation: (a) Transport unit, (b) Environment 1, (c)
Environment 2, and (d) Environment 3.

Item Env.1 Env.2 Env.3
Number of Points in Environment Point Cloud P, 1,771,669 358,785 3,132,441
Number of Environment Voxels v, 133,049 110,044 361,113

Total Number of Voxels in all C-space Obstacle

Offse 199,770,444 964,309,388 | 322,426,168
Sets ng'off )

Voxelization Time [s] 6.8 19.5 11.9

Compu- Inverse Offset Processing Time [s] 22.5 346.7 33.1
tation Risk-field Construction Time [s] 7.8 47.3 11.3
Time Path Computation Time [s] 12.8 192.8 2.1
Total Computation Time [s] 49.8 606.4 58.4

Table 1: Point-cloud inputs, voxel statistics, and computation times for the three environments.

Table 1 summarizes the point-cloud inputs, voxel statistics, and computation times for the three
environments. Specifically, it reports the point count of each environment point cloud, number of
environment voxels, total humber of pose-dependent C-space obstacle voxels, and computation
times for voxelization, inverse offset processing, risk-field construction, path search, and the overall
pipeline. The voxel size was set to 0.05 m because all evaluated scenes contained narrow passages.
All experiments were conducted on a 64-bit Windows workstation equipped with an Intel Core i9-
14900K 3.20 GHz CPU, NVIDIA GeForce RTX 4090 GPU, and 64 GB RAM. The implementation was
developed using Python 3.11.
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4.2 Metrics and Experimental Conditions

We defined the high-risk rate as the percentage of sampled path states whose clearance-based risk
values exceeded the threshold of 0.75. This threshold corresponds to a clearance of approximately
25 cm in the real world, indicating a limited safety margin during transport. To isolate the effects of
the clearance-based risk term and pose transitions, we compare three cases, as summarized in Table
2. Case 1 (C1) uses neither a clearance-based risk term nor pose transitions. Case 2 (C2) uses a
clearance-based risk term but does not allow pose transitions. Case 3 (C3) uses both the clearance-
based risk term and pose transitions, and corresponds to the proposed method. Figure 3 and Figure
4 compare the resulting transport paths in Environments 1 and 2 under conditions C1-C3 along with
their corresponding pose transitions. Figure 5 shows only the C3 results for Environment 3 because
no feasible path was found under C1 or C2.

(b)

Figure 3: Path and pose-transition results in Environment 1: (a) C1, (b) C2, and (c) C3.

Start
(a) (b) (©) (d)

Figure 4: Path and pose-transition results in Environment 2: (a) C1, (b) C2, and (c) C3; (d) Magnified
view of the boxed region in (c), showing pose transitions in the narrow passage.

Computer-Aided Design & Applications, 24(2), 2027, 203-217
© 2027 U-turn Press LLC, http://www.cad-journal.net



http://www.cad-journal.net/

212

Figure 5: C3 result in Environment 3.

Env.1 Env.2 Env.3
C1 C2 C3 C1 C2 C3 |[C1|C2| C3
Case CIearancTeE;Enised Risk No Yes Yes No Yes Yes | No |Yes| Yes
Setting Pose Transitions No No Yes No No Yes [ No|No| Yes
Path Length [m] 34.22 | 37.61| 36.0 | 228.0 | 241.7 | 238.1 | - - | 24.6
Perform M'”'m”“Enf]'earance 0.00 | 0.18 | 0.35 | 0.00 | 0.49 | 0.49 | - | - | 0.49
Maer;ff:s Average Clearance [m] | 0.21 | 0.54 | 0.58 | 0.30 | 0.74 | 0.73 | - | - | 0.50
High-risk Rate [%] 46.2 1.8 0.0 64.3 0.0 0.0 - - 18.4
Total Cost 172.2 | 142.1 | 126.7 | 1245.2 | 689.3 | 662.8 | - - 1129.8
Table 2: Quantitative comparison of the three cases in Environments 1-3.
4.3 Results

Table 2 shows the consistent trends across Environments 1 and 2. Compared with C1, introducing
the clearance-based risk term in C2 substantially reduced the high-risk rate from 46.2% to 1.8% in
Environment 1 and from 64.3% to 0.0% in Environment 2.

The minimum clearance increases from 0.00 m to 0.18 m in Environment 1 and from 0.00 m to
0.49 m in Environment 2, whereas the average clearance increases from 0.21 m to 0.54 m and from
0.30 m to 0.74 m, respectively. However, it also increases the path length by 9.9% and 6.0%
because the fixed-pose planner must detour to maintain safety margins. Allowing pose transitions in
C3 preserves these safety benefits while partially recovering path efficiency. In both Environments 1
and 2, the path length is reduced compared with C2 (from 37.61 m to 36.0 m and from 241.7 m to
238.1 m, respectively), while maintaining low or zero high-risk rates (0.0% in both environments)
and comparable clearance (minimum clearance of 0.35 m and 0.49 m, respectively). These results
indicate that local pose adjustment enables the transport unit to pass through narrow regions with
fewer detours.

The strongest effect was observed in Environment 3. Under the fixed-pose settings (C1 and C2),
no feasible path was found, whereas C3 succeeded in generating a solution. This result indicates that
in cluttered and spatially constrained real-world environments, pose transitions are not only
beneficial for improving path quality, but may also be necessary for path feasibility.
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Figure 6 further visualizes the spatial distribution of the clearance-based risk field across the
three environments. The heatmaps show that high-risk regions are concentrated in narrow passages
and obstacle-dense areas, where the available clearance is limited. Warmer colors indicate smaller
clearance and higher risk, whereas cooler colors indicate larger clearance and lower risk. Blank
regions indicate free-space cells with zero clearance-based risk within the plotted planning area.
These visualizations complement the quantitative results in Table 2, including minimum clearance,
average clearance, and high-risk rate.

Environment 1 Environment 2 Environment 3
(a) (b) ()

Risk field

Figure 6: Risk field heatmap visualizations in the three environments: (a) Environment 1, (b)
Environment 3, and (c) Environment 2.

4.4 Sensitivity Analysis

We conducted a sensitivity analysis to investigate the effects of parameter settings on planning
performance. Figure 7 qualitatively compares the resulting transport paths and pose transitions in
Environment 1 under the four parameter settings, while Table 3 summarizes the corresponding
quantitative results.

Start Start Start Start
Setting A Setting B Setting C Setting D
(a) (b) (c) (d)

Figure 7: Qualitative comparison under the four parameter settings in Environment 1.
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Category Item Setting A | Setting B | Setting C | Setting D

Voxel Size [m] 0.05 0.05 0.05 0.10
Parameters Risk Weight w, 6 6 12 6
Path-length Weight w, 1 2 1 1

Total Computation Time [s] 49.8 48.9 49.0 13.5

Path Length [m] 36.0 36.1 36.7 37.1

Performance Minimum Clearance [m] 0.35 0.35 0.18 0.10

Average Clearance [m] 0.58 0.57 0.59 0.50

High-risk Rate [%] 0.0 0.0 1.7 3.7

Table 3: Sensitivity analysis under the four parameter settings in Environment 1.

In the tested range, the effects of w, and w, were limited and non-monotonic. Increasing w, from
6 to 12 did not improve the minimum clearance; instead, the minimum clearance decreased from
0.35 m to 0.18 m and the high-risk rate increased from 0.0% to 1.7%. This suggests that in
Environment 1, the minimum clearance was dominated by a small humber of bottleneck regions,
where the achievable clearance was mainly constrained by the local geometry and feasible discretized
yaw set. Under such conditions, a larger w, primarily affects the preference among already feasible
paths rather than increasing the bottleneck clearance itself. Changing w, from 1 to 2 resulted in only
minor changes in the total computation time, path length, clearance, and high-risk rate. In contrast,
the effect of voxel size was more pronounced. Increasing the voxel size from 0.05 m to 0.10 m
substantially reduced the total computation time, from approximately 49 s to 13 s, but also reduced
the minimum clearance from 0.35 m to 0.10 m and increased the high-risk rate from 0.0% to 3.7%.
Therefore, in our experiments, a finer resolution (0.05 m) was necessary to preserve safe passages
in confined spaces.

To further evaluate scalability, we conducted an additional controlled experiment in Environment
1. Unlike Table 1, which reports the full planning pipeline for the three evaluation environments, this
experiment focused on the effects of the voxel resolution and yaw discretization on the explicit C-
space storage and construction costs. The voxel size was set to 0.05 m, 0.10 m, and 0.20 m, and
the number of yaw layers was set to 9, 18, 36, and 72, corresponding to yaw intervals of 40°, 20°,
10°, and 5°, respectively.

Table 4 reports the stored C-space array size in MB. The results show that explicit C-space
storage increases approximately with the number of yaw layers for a fixed voxel size. For example,
at a voxel size of 0.05 m, increasing the yaw layers from 9 to 72 increases the C-space storage from
618.57 MB to 4937.52 MB. For a fixed yaw discretization, finer voxel sizes substantially increase both
C-space storage and construction time. This trend is expected because a separate pose-dependent
C-space obstacle set is generated for each yaw layer.

For larger facilities, explicit precomputation can become memory intensive. Further memory
reduction may be achieved through octree-based representations or by selectively constructing C-
space obstacle sets for only those regions required during planning. Such alternatives can reduce
storage requirements in large sparse environments or avoid the generation of C-space obstacles in
unexplored regions, although they may introduce additional query-time overhead. Therefore, these
strategies are expected to improve scalability rather than directly improve path quality, and their
integration remains a topic for future work.

Voxel Size [m] | Yaw Layers Tota\u/loiesigace C spaEI(\a/l;corage C spac_?incqgn[sst]ructlon
9 51,547,312 618.57 15.08
0.05 18 103,147,909 1237.77 19.69
' 36 199,770,444 2397.24 22.53
72 411,460,185 4937.52 46.26
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9 7,730,783 92.77 3.19

0.1 18 15,351,283 184.22 4.17
) 36 30,655,531 367.87 6.07
72 61,394,517 736.73 9.74

9 1,221,252 14.66 0.81

0.2 18 2,446,355 29.36 1.06
) 36 4,901,804 58.82 1.45
72 9,801,605 117.62 2.34

Table 4: Scaling of explicit C-space storage and construction time with voxel resolution and yaw
discretization.

5 CONCLUSIONS

This paper proposes a risk-aware path-planning method for object transport that combines distance-
field-based risk evaluation with an extended A* search in point-cloud environments. This method
targets a transport unit composed of a transported object and a worker. Based on a voxelized
representation of the environment, the method jointly considers obstacle-clearance risk, pose
transitions during transport, and path cost, thereby achieving joint planning of the transport path
and pose sequence.

In conclusion, the proposed method enables path-planning for object transport in complex and
narrow environments, while jointly considering feasibility and safety margins. The results showed
that integrating pose-dependent C-space obstacles, a clearance-based risk field, and extended A*
search within a unified framework was effective in real-world scanned environments. In highly
constrained environments, pose transitions are not only useful for improving path quality but may
also be necessary for obtaining a feasible path. The current framework depends on the quality of the
input point clouds, because noisy or incomplete measurements may affect the voxel occupancy,
pose-dependent C-space obstacles, and clearance-based risk fields. Future work will extend the
framework to include height variation and non-planar floors, richer position-pose changes beyond
planar yaw transitions, dynamic transport scenes in which both surrounding obstacles and worker
arrangements change over time, and systematic evaluations under noisy or incomplete point-cloud
conditions.
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