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Abstract: Triangular mesh data structures are principal in computer graphics, serving as the foun-
dation for many 3D models. To effectively utilize these 3D models across diverse industries, it is
important to understand the model’s overall shape and geometric features thoroughly. In this work,
we introduce a novel method for generating camera paths that emphasize the model’s local geometric
characteristics. This method uses a toroidal patch-based spatial data structure, approximating the
mesh’s faces within a predetermined tolerance ϵ, encapsulating their geometric intricacies. This facili-
tates the determination of the camera position and gaze path, ensuring the mesh’s key characteristics
are captured. During the path construction, we create a bounding cylinder for the mesh, project the
mesh’s faces and associated toroidal patches onto the cylinder’s lateral surface, and sequentially
select grids of the cylinder containing the highest number of toroidal patches as we traverse the lateral
surface. The centers of the selected grids are used as control points for a periodic B-spline curve,
which serves as our foundational path. After initial curve generation, we generated camera position
and gaze path from the curve by multiplying factors to ensure a uniform camera amplitude. We
applied our method to ten triangular mesh models, demonstrating its effectiveness and adaptability
across various mesh configurations.

Keywords: camera path; bounding volume; toroidal patch; periodic B-spline curve

1. Introduction

It is known that 3D models are widely used in computer graphics, such as computer-
aided design (CAD), 3D printing, animation, virtual reality (VR), augmented reality (AR),
and so on. The digital twin concept has made 3D models a crucial component across various
industries, from state-of-the-art IT sectors to traditional manufacturing, as they continue to
embrace digital twin technology for innovation. Among the various data structures for these
3D models, the triangular mesh, which comprises a set of vertices (V), edges (E), and triangles
(F), stands out as a predominant choice in both industry and academic research [1–4].

For the effective utilization of 3D models (including triangular meshes) across various
domains, it is essential to identify the overall shape of the model and observe its character-
istics. Commercial 3D computer graphics software like Blender 3.5 or 3ds Max 2024 offer
tools for generating camera paths to aid in model observation. As illustrated, Figure 1a
shows the camera path generation process in Blender, and Figure 1b shows the same process
in 3ds Max. Within this software, although users can directly inspect the model’s shape,
generating the optimal camera path can be labor-intensive and time-consuming. Moreover,
the results are frequently limited by the user’s knowledge, resulting in inconsistencies.
Previous studies have proposed various camera path generation methods to deal with
these problems [5–14].

In this paper, we introduce a new method for generating a camera path that utilizes the
curvature of triangular meshes. Initially, we approximate the curvature of the vertices and
construct toroidal patches [15,16]. Each toroidal patch is generated based on the curvature
information of its corresponding vertex and extends its domain to approximate neighboring
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faces, all within a predetermined tolerance [16]. In a given area, if there is a significant
number of toroidal patches, it suggests that the area possesses intricate geometric details.
This is because each toroidal patch is generated within a specified tolerance (e.g., ϵ = 10−3)
from the mesh’s faces, making it a potential candidate for observation.

(a) (b)
Figure 1. Camera path generation examples in 3d modeling software: (a) process for camera path in
Blender 3.5, (b) process for camera path in 3ds Max 2024.

To ensure that a camera path captures all the intricate geometric details and follows a
seamless and continuous, we enclosed the entire triangular mesh within a cylinder and
placed a third-order periodic B-spline curve on the lateral surface of the cylinder. The
curve’s control points can be selected one by one from the grids that contain the most
toroidal patches as they move along the lateral surface. Two paths derive from the B-spline
curve: the camera position path, which traces the camera’s spatial trajectory, and the camera
gaze path, which determines the camera’s focal orientation.

The main contributions of this research are summarized as follows:

• We introduce a new method to automatically generate camera paths for observing meshes.
This is made possible by utilizing a toroidal patch-based spatial data structure [16], which
is constructed using the curvature information that is inherent in triangular meshes.

• We enclose the triangular mesh in a cylinder and divide it into uniform grids. Each grid
is assigned a weight based on its relation to neighboring triangles and toroidal patches.

• We observe that the mesh areas with considerable curvature variation have more
toroidal patches. This enables quick exploration of the mesh’s geometrically dis-
tinct areas.

• The camera’s movement is determined by a third-order periodic B-spline curve, which
is aligned with the cylindrical structure’s periphery. This technique ensures that the
camera’s path is continuous and smooth, and the curve’s control points are selected
with a focus on the center of the grid that carries the highest curvature variation.
Section 3 provides a detailed explanation of this algorithmic process.

2. Related Work

Vázquez et al. [5] proposed a method that uses entropy to automatically determine
viewpoints for generating camera paths for 3D models. They proposed general guidelines
for automated camera path generation using their method. Habibi et al. [6] proposed a
technique for generating camera paths that can move smoothly around 3D point cloud
models. Their approach involves estimating motion direction by maximizing photometric
entropy, avoiding obstacles, and controlling optical flow to prevent sudden camera jumps.
This method was developed to tackle the difficulties associated with observing large-
scale models.



Appl. Sci. 2024, 14, 490 3 of 13

Curvature is used to analyze the regional shape of a triangular mesh and select viewpoints
for generating camera paths [7–10]. Saleem et al. [7] introduced a method for automatic
camera path generation that relied on view saliency. They adjusted the camera’s velocity,
magnification, and minimization along this path. However, the cost of computing the camera
path depends on the resolution of the view sphere and the method used to determine the
stable view area. Han et al. [8] developed a method for generating camera paths that are
tailored to preview videos featuring mesh sequences. While Saleem et al. [7] focused on
examining static models, Han et al. [8] expanded the scope to include the dynamic movements
of models in terms of animation. Li et al. [9] improved upon Han et al. [8]’s strategy by
incorporating motion information through frame transitions. However, this approach cannot
handle mesh sequences that undergo topological changes over time. Zhou et al. [10] suggested
an algorithm that incorporates user feedback during the path generation process, building
on the insights of Han et al. [8] and Li et al. [9]. When calculating curvature for triangular
meshes, outliers with significantly larger or smaller values compared to nearby points may
occur because of noise from 3D scanning. In contrast to previous studies, our method can
reduce the potential of outlier occurrence by applying smoothing and further mitigate the
impact of outliers by incorporating toroidal patches.

To enable the smooth observation of 3D models from online databases while
streaming, some researchers proposed a path-planning method that considers network
bandwidth [11,12]. Zhao et al. [11,12] developed a streaming framework incorporating
techniques like halting the camera, delaying its movement, or reducing the mesh quality
when planning the camera path. These guarantee a seamless preview experience by account-
ing for model transmission speed. While this framework considers network bandwidth for
camera path generation, its use is limited to scenarios with predefined viewpoints.

Oskam et al. [13] developed an automated path generation methodology to ensure
collision-free camera movement while maintaining the visibility of a specific point in 3D
space. In their study, the accuracy and magnitude of sampling the 3D space correlate
with the scene’s size. When planning routes for large areas, it is important to consider the
performance limitations arising from this correlation. Amamra et al. [14] presented a path-
planning technique that prioritizes minimizing path curvature. They demonstrated the
efficacy of the Pythagorean-Hodograph in mitigating viewer motion sickness by seamlessly
linking key-frames from a first-person view. Park et al. [17] utilized the concept of curvature
to define and evaluate the sensation of smoothness on surfaces of revolution, where third-
order B-spline curves represent the profile curve of these surfaces.

Several noteworthy contributions have emerged for approximating differential ge-
ometry on triangular meshes. Taubin [18] proposed a method that utilizes polyhedral
approximation to estimate the principal curvature and direction of vertices in a triangular
mesh. Meyer et al. [19] proposed an approach to discretely approximate differential geom-
etry data using a triangular mesh’s structural and morphological information. Kalogerakis
et al. [20] utilized a statistical approach to estimate the curvature of surfaces, resulting in
superior accuracy to previous methods. Zhihong et al. [21] exclusively used the triangle’s
normal vector to estimate curvature, achieving results similar to traditional methods. Gold-
feather and Interante [15] developed a more precise and efficient method for approximating
the principal direction using a second-order surface-fitting method. Plantl and Váša [22]
proposed a method for estimating curvature using the Hermite radial basis function based
on the surface-fitting method. Additionally, there has been an increase in research efforts to
integrate this differential geometry into various mesh algorithms [23–27].

Several researchers utilized toroidal patches to address complex geometric
challenges [28–30]. Park et al. [28] developed a hybrid bounding volume hierarchy (BVH)
for freeform surfaces, employing a rectangle-swept sphere (RSS) at internal nodes and a
second-order toroidal patch at leaf nodes to calculate an intersection curve between two
freeform surfaces. In a follow-up study, Park et al. [29] introduced an innovative approach
optimized for the efficient computation of self-intersecting curve(s) on a freeform surface.
This method utilizes a ternary-structured BVH that incorporates toroidal patches to share rele-
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vant data, unlike the conventional binary-structured BVH. Son et al. [30] employed toroidal
patches to compute the Hausdorff distance between two freeform surfaces. Kim et al. [16]
introduced a new spatial data structure that integrates toroidal patches with a triangular mesh.
This paper proposes a novel method for generating an optimal camera path to observe
triangular meshes, building on previous approaches. Our method bridges the gap between
traditional path generation techniques and advanced geometric analysis by utilizing the
toroidal patch-based spatial data structure [16].

3. Camera Path Generation
3.1. Preprocessing

The triangular mesh used for camera path generation can be sourced from 3D modeling
software or acquired via 3D scanning. During the 3D scanning process, vertex data may
contain noise, which can complicate the calculation of precise curvature. This imprecision
can subsequently adversely affect the quality of curvature-based camera path optimization.
To mitigate such issues, a mesh smoothing technique is employed in the preprocessing
stage [23]. This step is crucial in minimizing the impact of scanning-induced noise and
maintaining the integrity of the curvature-based camera path generation process.

After smoothing, we estimate the Gaussian curvature at each vertex using the surface-
fitting method [15], which is the basis of constructing a toroidal patch-based spatial data
structure [16]. This structure offers a refined mesh approximation and incorporates the
computed curvature data. Each toroidal patch begins at a specific vertex of the smoothed
mesh, using the curvature information to initiate the process. The patch then expands its
domain by comparing distances to adjacent triangles. The expansion must adhere to a
predefined tolerance value, the maximum allowable distance between the set of bounding
faces and the toroidal patch itself. If a face is not included in any other toroidal patches, we
generate a toroidal patch for that face using one of its vertices. However, sometimes this
process generates toroidal patches that do not meet the tolerance. To ensure accuracy, we
exclude inaccurate patches after generating toroidal patches.

In an area characterized by minimal variations in curvature, a toroidal patch expands
to approximate multiple adjacent triangles within a single patch. This expansion is driven
by extending the domain of the toroidal patch, covering from the reference vertex to
the vertices of its adjacent triangles, all within the predetermined tolerance. Conversely,
in an area with pronounced changes in curvature, which implies a visually distinct or
robust appearance, the toroidal patch tends to be smaller. Therefore, a region with a high
concentration of toroidal patches indicates distinct geometric attributes. We can determine
the camera path by using the number of patches as a weighting factor. Without directly
employing the toroidal patches, we initially enclose the mesh within a bounding cylinder,
subdivide it into uniform segments, and assign the number of toroidal patches to each
segment as the weight for the camera path.

The lateral surface of the bounding cylinder is denoted as Ch,r(u, v), where u, v ∈
[0, 1] × [0, 2π]. This surface is the foundation for storing the weights for camera path
determination. In this formulation, h represents the height of the cylinder, while r stands
for its radius. The generated Ch,r(u, v) is uniformly divided by m in the u direction and n
in the v direction, creating grids to allocate m× n weights. Figure 2 displays the results of
equal partitioning of bounding cylinders for ten triangular mesh models. To allocate the
weight with the toroidal patches to the uniform grids of Ch,r(u, v), we orthogonally project
the centroid of each face (triangle) onto Ch,r(u, v). This projection involves computing
the direction vector

#»

D that originates from a point on the axis of Ch,r(u, v) and shares the
same height as the face’s centroid, pointing towards Ch,r(u, v) (i.e.,

#»

D passes by the face’s
centroid and a point on Ch,r(u, v)). The centroid is then offset by r in the direction of

#»

D, and
the resulting projected vertex is mapped to its corresponding grid.
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After mapping all faces to the grid, each grid’s weight is determined by averaging
the number of toroidal patches associated with faces within a two-ring neighborhood. We
employ a two-ring neighborhood because, in certain instances, the smoothing process
may not completely remove unintended cusps at vertices. This can lead to unexpectedly
high curvature values, negatively influencing the subsequent camera path generation.
Utilizing this broader neighborhood offers a more comprehensive context, effectively
counterbalancing localized anomalies. Higher weights indicate a larger number of the
toroidal patches are contained within the corresponding grid, while the lower weights
imply a lower count of the toroidal patches. Since the camera path is generated along
points with the highest weights along the lateral side of the cylinder, the path passes
by areas including a larger number of toroidal patches. Algorithm 1 represents all this
preprocessing step.

Figure 2. Ch,r(u, v) about various triangular mesh models. In sequence from left to right and then top
to bottom: Bear, Rocker, Horse, Kitten, Bunny, Haris, Venus, Popiersie, Armadillo, and Pieta.

Algorithm 1: Preprocessing.
Input : M—an input triangular mesh; m, n—segment numbers of the M’s

bounding cylinder
Output : Ch,r—lateral surface of the cylinder
M← Smoothing(M)
T ← GenerateToroidalPatches(M)
Ch,r ← GenerateCylinder(M, m, n)
forall f ∈ M do

Ch,r.ProjectFaceToGrid( f )
end forall
for i← 0 to m− 1 do

for j← 0 to n− 1 do
Ch,r.SetWeight(i, j, T)

end for
end for
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3.2. Path Generation with Periodic B-Spline Curve

Generating the camera path involves a two-stage process: determining a camera posi-
tion path and gaze path. Both paths are constructed using a third-order periodic B-spline
curve, ensuring C1 continuity and seamless transitions at both endpoints. Control points
for this curve are derived from the pre-processed grid weights of Ch,r(u, v). Specifically, for
grids with identical v values, the center of the grid with the maximum weight is selected
as the control point, resulting in n control points for the curve. Figure 3 provides a visual
overview of this control point generation procedure, complete with sample weight values.
Figure 3a illustrates the sample weight distribution on Ch,r(u, v), Figure 3b shows the grids
with the maximum weights for identical v values, colored in orange. Figure 3c shows the
selected control points, colored in green.

(a) (b) (c)

Figure 3. Example of control point selection process: (a) grids with their weights, (b) selected grids
with maximum weight, and (c) selected control points for generating periodic B-spline curve.

We can generate a periodic B-spline curve over the bounding cylinder’s lateral surface
using selected control points. The B-spline curve B(u) can be expressed as Equation (1)
where pi express the control points, and Nn

i are the B-spline basis functions with degree
n. The periodic B-spline curve can be obtained by constructing the control points and the
knot sequence to satisfy the Equations (2) and (3). △i expresses knot interval between ith
knot and i + 1th knot and K means the number of knots of the curve.

B(u) = p0Nn
0 (u) + · · ·+ pD−1Nn

D−1(u), 0 ≤ u ≤ 1 (1)

p0 = pD−(n+1), p1 = pD−n, . . . , pn = pD−1 (2)

△0,△1, . . . ,△n,△n+1, . . . ,△K−(n+3),△0,△1, . . . ,△n (3)

Applying the initially generated curve directly to the camera position or gaze path
can lead to excessive camera movement, depending on the distribution or configuration of
the control points. This may cause visual instability or a shaky camera effect. Moreover,
it may accidentally exclude certain areas of the triangle mesh from the camera’s field of
view. To address these issues, we adjust the radius of the Ch,r(u, v) when generating the
camera position path. If the ratio of h to r is greater than 2, we multiply r by 6; otherwise,
we multiply r by 4. Subsequently, we multiply the generated curve by the scaling factor.
Specifically, the camera position path is modified by a factor of 0.25, while the camera gaze
path is scaled by a factor of 0.5 relative to the original periodic B-spline curve.

Figure 4 shows camera paths generated using our method for the Rocker model. The
red curve represents the original third-order periodic B-spline curve derived from the
control points; the blue curve shows the camera gaze path, and the green curve shows the
camera position path. Algorithm 2 provides the procedure for generating these camera
position and gaze paths.
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Figure 4. Camera path visualization for the Rocker model. The camera gaze path (shown in blue) and
the camera position path (shown in green) are generated based on the initial curve (shown in red).

Algorithm 2: Get Camera Path.
Input : Ch,r—lateral surface of the M’s bounding cylinder
Output : Pg—camera gaze path, Pp—camera position path
CtrlPts← GetControlPoints(Ch,r)
Curve←MakePeriodicBsplines(CtrlPts)
Pg ← Curve.Stabilization(0.5)
Pp ← Curve.Stabilization(0.25)
if h/r >2 then

Pp.AdjustRadius(6r)
else

Pp.AdjustRadius(4r)
end if

Figure 5 presents the results of applying the complete process to the triangular mesh
model. Figure 5a shows the smoothing result [23], and Figure 5b shows faces with different
colors according to their toroidal patches’ relationship. Figure 5c displays the mesh face
weights, while Figure 5d illustrates mesh portions within each cylinder grid, with colors
derived from the weights in Figure 5c. In both figures, faces closer to red indicate higher
weights, while those closer to green indicate lower weights. Figure 5e displays the camera
gaze path in blue, which is generated using our method.

(a) (b) (c) (d) (e)

Figure 5. Camera path generation workflow: (a) smoothing result of the input mesh, (b) colored faces
according to included toroidal patch, (c) colored faces according to their weight, (d) colored faces
according to corresponding cylinder grid’s weight, and (e) camera gaze path generation result.

4. Experimental Result and Discussion

The triangular meshes were stored and represented using the PMP library [31], which
employs a half-edge-based data structure. To ensure consistent experimental results, all
input meshes were enclosed within an axis-aligned bounding box (AABB) and resized
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so that the diagonal length of its AABB equals 1. For the toroidal patch generation, the
tolerance between the toroidal patch and the corresponding face(s) was set to 10−3. The
bounding cylinder Ch,r(u, v) was uniformly divided into m and n segments, with m = 11
and n = 20.

Table 1 displays the count of toroidal patches corresponding to each of the ten selected
models. The number of toroidal patches does not exhibit a direct proportionality to the
face count of the models, suggesting that toroidal patch distribution is influenced more
by geometric features, such as local curvature variations, than by the sheer number of
mesh faces. For example, despite having a higher triangle count than the Haris model, the
Venus model generates fewer toroidal patches, implying a lower curvature variation in the
model. This discrepancy arises from variations in the models’ geometric characteristics,
particularly their local curvature variation. For instance, while the Venus model has more
triangles than the Haris model, it yields fewer toroidal patches, indicating fewer variations
in its curvature. The Rocker model exhibits the highest ratio of the toroidal patches to
faces at 13%, this is because many toroidal patches are formed by a single triangle of the
model. This phenomenon is due to the model’s large flat areas compared to other models,
preventing the merging of adjacent faces into toroidal patches. Additionally, the model’s
relatively low face count amplifies the effect of single-face toroidal patches on this ratio,
resulting in the highest percentage observed among the models.

Table 1. Numerical information of input models.

Model # Face # Vertex # Tp Tp/Face

Bear 20,188 10,096 1622 8%
Rocker 24,364 12,182 3064 13%
Horse 39,696 19,850 4393 11%
Kitten 55,304 27,652 2487 4%
Bunny 69,630 34,817 7200 10%
Haris 132,632 66,316 14,840 11%
Venus 201,514 100,759 7423 4%

Popiersie 300,000 150,002 24,594 8%
Armadillo 345,944 172,974 19,022 5%

Pieta 509,650 255,129 37,194 7%

Table 2 provides comprehensive data for the camera path, which includes the radius
and height of the bounding cylinder Ch,r(u, v). The amplitude ratio A indicates the pro-
portion of the cylinder height occupied by the curve, with a higher value suggesting an
expanded vertical field of view. An analysis of the number of extreme points of the camera
path and the A offers a perspective on the distribution of the model’s geometric charac-
teristics. The maximum (Wmax) and average (Wavg) values associated with the number
of toroidal patches allocated to the grids (with a 2-ring neighborhood relationship) also
provided. Generally, as the ratio of toroidal patches to faces in Table 1 increases, there is a
corresponding increase in Wmax, Wavg values in Table 2. However, this relationship may
not always hold true, especially when considering N-Ring scalability. For example, while
the ratio of toroidal patches to faces of the Rocker model exceeds that of the Haris model,
Wmax of the Rocker is lower.

Figure 6 illustrates the camera’s starting position on the camera path for each input
model. This starting point is determined based on the Ch,r(u, v) grid with the maximum
weight, where the model’s curvature undergoes the most significant change. Figure 7
presents the generated camera gaze paths for the input models in 3D, depicted in blue. For
clarity comparison, Figure 8 shows the generated camera gaze path (blue), the position
path (green), and the initial third-order periodic B-spline curve (red) in the parameter
domain of Ch,r(u, v). These paths are closely aligned with areas exhibiting significant
curvature changes. In instances like Figure 7a,c,d,g, points with significant curvature
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changes are concentrated in specific areas compared to other models, leading to a more
detailed observation of these areas. As shown in Figure 7e,f,h, the model has a flat area
where the evaluated curvature is nearly zero. When this flat area is notably extensive,
the camera path is designed to focus on this flat area. The substantial curvature variation
between the flat and non-flat area boundary resulted in more toroidal patches allocated
to the boundary faces than other areas. However, although Figure 7j exhibits similar
characteristics, its path behaves differently. This difference is due to the numerous points
with significant changes in curvature, present not only at the bottom but also throughout
other areas of the model. In Figure 7b,i, points with significant changes in curvature are
distributed throughout the model, guiding the camera path to capture the entire model.

Table 2. Generated cylinder and curve information.

Model
Ch,r(u, v)

A # Extreme pts Wmax Wavg
r h

Bear 0.27 0.80 30% 8 24.71 8.08
Rocker 0.45 0.44 29% 10 24.92 11.12
Horse 0.42 0.60 32% 8 18.15 5.76
Kitten 0.27 0.75 34% 8 12.48 5.53
Bunny 0.35 0.61 44% 10 19.20 8.25
Haris 0.36 0.73 39% 4 30.06 9.62
Venus 0.35 0.63 24% 6 9.56 5.26

Popiersie 0.26 0.80 30% 6 17.41 10.22
Armadillo 0.35 0.66 26% 10 11.13 5.52

Pieta 0.29 0.78 33% 10 23.00 7.96

Figure 6. Snapshot of each model that the camera is at the starting point of the generated camera path.
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Figure 7. Ten selected triangular mesh models with bounding cylinder and camera gaze path: (a) Bear,
(b) Rocker, (c) Horse, (d) Kitten, (e) Bunny, (f) Haris, (g) Venus, (h) Popiersie, (i) Armadillo, and
(j) Pieta.
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Figure 8. Visualization of our camera paths for the models. The camera gaze path (shown in blue)
and the camera position path (shown in green) are generated based on the initial third-order periodic
B-spline curve (shown in red).

5. Conclusions

We introduced a novel automated methodology for generating camera paths opti-
mized for observing triangular mesh models. Using a toroidal patch-based spatial data
structure [16], we can approximate local geometric characteristics in the mesh and it can
be used as weights for camera path generation. The derived camera position and gaze
path are defined by a third-order periodic B-spline curve along the lateral surface of the
cylinder that bounds the model. This approach ensures a smooth and uninterrupted path
designed for areas with significant changes in curvature. However, we recognize certain
limitations of our approach, especially when applied to models predominantly composed
of flat faces, which might result in undesired camera path configurations. Future work will
aim to improve the handling of these limitations to enhance the robustness and versatility
of our method. Additionally, we plan to conduct an integrated user study to compare our
enhanced methodology with the results of previous studies [7–10].
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