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➢ Traditional phenotyping 3D phenotyping

• Automatic

• High-precision

• Non-invasive

• High-throughput• Labor-intensive

• Time-consuming

• Invasive



Introduction - Plant Organ Segmentation 3

➢ Plant organ segmentation

• Skeleton-based approach

Skeleton → Geometry and topology structure

Cao et al., 2010; Ma et al., 2023.

local features global features 

Plant skeleton → Plant organ instance segmentation
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Related Work 4

➢ Slice clustering

decomposing

Simple and intuitive;

Horizontal parts of the plant are not well processed

Sliced point cloud Skeleton Stem-leaf segmentation

clustering

Xiang et al., 2019.
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Ma et al., 2023.

➢ 𝐿𝐿1-medial skeleton algorithm

Oilseed rape skeleton

Silique instances

decomposing

Can handle complex cylindrical structures;

Maintain the centeredness of skeleton.

Not suitable for flat or planar structures, such as wide leaves.

Recall: 92.23%
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Wu et al., 2019.

➢ Laplacian-based contraction (LBC) algorithm

optimize connectivity decomposing

Initial Skeleton Optimized Skeleton

Can contract plant stems and leaves into skeletal objects;

Contain zigzag structures, abnormal branches often appear;

Geometric constraints need to be incorporated.

Original Point Cloud

LBC contraction

Skeleton decomposition
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Related Work 7

Du et al., 2019; Wu et al., 2021.

➢ AdTree

➢ WoodSKE
Can efficiently extract the skeletons of tree branches;

Do not adequately address the skeleton extraction of 

plant leaves.



Research Gap & Objectives 8

➢ Limitations of previous studies
• Often struggle with plant leaves;

• Poorly in mitigating zigzag structures, preserving fine details, and maintaining centrality.

➢ Target plants are simple
• With a single main stem, few or no lateral stems, and minimal or no leaves.

➢ A framework that integrates plant skeletonization and stem-leaf segmentation
• Extracting curve skeletons from leafy plant (herbaceous plant) point clouds
• Establishing stem-leaf segmentation based on extracted curve skeleton



Methodology



Methodology - Overview 9



Methodology - Point Cloud Contraction 9



Methodology - Skeleton Graph Generation 9



Methodology - Stem-Leaf Segmentation 9



Methodology - Point Cloud Contraction 9



Methodology - Point Cloud Contraction 10

➢ Overview of LBC algorithm

• Moving the vertices along their approximate mean curvature normal directions (approximated 
by cotangent-weighted Laplacian operator    );

• Solving the linear system iteratively:

Cao et al., 2010.
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Methodology - Point Cloud Contraction

➢ Overview of LBC algorithm
• Drawbacks of the contracted discrete skeleton points

12

Ignoring local structures

Under-contraction
Zigzag structures

Lack of centrality

Zigzag structures

Abnormal contract direction



Methodology - Point Cloud Contraction 13

➢ Constraint Laplacian Operator
• Abnormal contract direction; Zigzag structures; Ignore local structures can be addressed.

Ignoring local structures

Under-contraction
Zigzag structures

Lack of centrality

Zigzag structures

Abnormal contract direction

Ignoring local structures

Zigzag structures

Zigzag structures

Abnormal contract direction
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➢ Constraint Laplacian Operator
• Laplacian Operator

Local Delaunay condition: 
        𝜃𝜃𝑘𝑘

𝑖𝑖𝑖𝑖 + 𝜃𝜃𝑚𝑚𝑗𝑗𝑗𝑗 ≤ 𝜋𝜋

        cot𝜃𝜃𝑘𝑘
𝑖𝑖𝑖𝑖 + cot𝜃𝜃𝑀𝑀

𝑖𝑖𝑖𝑖 ≥ 0
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Methodology - Point Cloud Contraction 15

Union local triangles Tufted meshPoint cloud

➢ Constraint Laplacian Operator
• Tufted Laplacian Operator (Sharp, N. and Crane, K., 2020.)

𝑘𝑘-nearest neighbors Tufted over

Tufted Laplacian OperatorContraction directions



Methodology - Point Cloud Contraction 16

Union local trianglesPoint cloud

➢ Constraint Laplacian Operator
• Tufted Laplacian Operator
• Dynamic Neighbors Searching

𝑘𝑘-nearest neighbors

Contraction range

Tufted mesh

Tufted over



Methodology - Point Cloud Contraction 17

𝑘𝑘 = 8

𝑘𝑘 = 30

➢ Constraint Laplacian Operator
• Tufted Laplacian Operator
• Dynamic Neighbors Searching

Constrain the contraction range by manipulating 𝑘𝑘-nearest neighbors



➢ Constraint Laplacian Operator
• Tufted Laplacian Operator
• Dynamic Neighbors Searching

Methodology - Point Cloud Contraction 18



Methodology - Point Cloud Contraction 19

➢ Constraint Laplacian Operator
• Tufted Laplacian Operator
• Dynamic Neighbors Searching
• Edge Collapse (Collapse long edges (≥ 3 ⋅ SD) among the Union local triangles)

Iteration 1, k = 8 Iteration 2, k = 12 Iteration 3, k = 16



Methodology - Point Cloud Contraction 20

➢ Adaptive Contraction
• Under-contraction; Some refinements.

Ignoring local structures

Under-contraction

Zigzag structures

Lack of centrality

Zigzag structures

Abnormal contract direction
Under-contraction
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➢ Adaptive Contraction
• Directionality-based Weighting

Huang et al., 2013; Wang et al., 2017.
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Methodology - Point Cloud Contraction

➢ Tip points preservation
• Offset at leaf tip region

Crane et al., 2017.
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Methodology - Point Cloud Contraction

➢ Tip points preservation
• Offset at leaf tip region

Identify tip points

Geodesic distance
(Heat method)

Set soft constraint

Crane et al., 2017.

23

Tip points
Source point
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Methodology - Skeleton Graph Generation 25

➢ LOP-based Calibration
• Lack of centrality.

Ignoring local structures

Under-contraction
Zigzag structures

Lack of centrality

Zigzag structures

Abnormal contract direction

Lack of centrality
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➢ LOP-based Calibration
• Farthest point downsampling



Methodology - Skeleton Graph Generation

Lipman et al., 2007; Huang et al., 2013; Li and Wang, 2018.

26

➢ LOP-based Calibration
• Farthest point downsampling

𝑥𝑥𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁 =
∑𝑖𝑖∈𝐾𝐾𝑝𝑝𝑖𝑖𝛼𝛼𝑖𝑖𝑖𝑖
∑𝑖𝑖∈𝐾𝐾 𝛼𝛼𝑖𝑖𝑖𝑖

, where𝛼𝛼𝑖𝑖𝑖𝑖 =
𝜃𝜃(∥ 𝑝𝑝𝑖𝑖𝑡𝑡 − 𝑞𝑞𝑖𝑖 ∥)
∥ 𝑥𝑥𝑖𝑖 − 𝑞𝑞𝑖𝑖 ∥

Only reserved 𝐿𝐿1 median term

𝑥𝑥𝑖𝑖
(𝑡𝑡+1) = ∑

𝑖𝑖∈𝑁𝑁
𝑞𝑞𝑖𝑖

𝛼𝛼𝑖𝑖𝑖𝑖

∑𝑖𝑖∈𝑁𝑁 𝛼𝛼𝑖𝑖𝑖𝑖
+ 𝜇𝜇 ∑

𝑖𝑖∈𝑁𝑁∖{𝑖𝑖}
𝑥𝑥𝑖𝑖

(𝑡𝑡) − 𝑥𝑥𝑖𝑖
(𝑡𝑡) 𝛽𝛽𝑖𝑖𝑖𝑖

∑𝑖𝑖∈𝑁𝑁∖{𝑖𝑖}𝛽𝛽𝑖𝑖𝑖𝑖

⟹ Modified LOP (Locally Optimal Projection) operator



Initial Graph Computed MST

Methodology - Skeleton Graph Generation

➢ Connectivity building
• Build initial graph
• Compute MST (Minimum Spanning Tree)
• Pruning noisy branches

27
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Methodology - Stem-Leaf Segmentation

➢ Skeleton Segmentation
Leaf vertices
Other vertices
Junction vertices

Stem segment
Leaf segments

29

Root vertex



Methodology - Stem-Leaf Segmentation

➢ Stem-leaf detection
• Utilizing the nearest neighbor projection strategy

30

Skeleton SegmentationSkeleton Stem-Leaf Segmentation



Methodology - Photogrammetric Dataset 31

➢ 56 leafy plants
• with several later stems and multiple leaves;
• with various shapes (existing cylindric and planar shapes);
• with tiny structures.

Polygonum lapathifolium

Polygonum plants in wild environments



Methodology - Photogrammetric Dataset

➢ Image data acquisition (>100 for each plant )

Captured multi-view image sequence

➢ Final point cloud data

32



Results & Discussion



Results

➢ Skeleton extraction results (default parameter settings)

33

Left: Discrete skeleton points; Right: Skeleton



Results

➢ Semantic segmentation results (default parameter settings)
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Left: Ground truth; Right: Predicted results



Results

➢ Instance segmentation results (default parameter settings)

35

Left: Ground truth; Right: Predicted results



➢ Quantitative metrics for segmentation results

Results 36

> 95%

≥ 85%

Table 1. The quantitative metrics of stem-leaf semantic segmentation results

Table 2. The quantitative metrics of leaf instance segmentation results



Discussion 37

➢ Skeleton quality comparison

• Other skeletonization algorithms
• LBC (Cao et al., 2010)

• L1-medial (Huang et al., 2013) 

• AdTree (Du et al., 2019) 

• WoodSKE (Wu et al., 2021)

Cao et al., 2010; Huang et al., 2013; Du et al., 2019; Wu et al., 2021.
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• LBC (Cao et al., 2010)
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37

Cao et al., 2010; Huang et al., 2013; Du et al., 2019; Wu et al., 2021.

Average minimal distance from each 
point in the input point cloud to the 
obtained curve skeleton



WoodSKE

Discussion

➢ Skeleton quality comparison (Plant-A)

𝐿𝐿1-medialLBCOurs AdTree

38

Table 3a. The quantitative metric of skeleton extraction results (a lower is better)
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WoodSKE

Discussion

➢ Skeleton quality comparison (Plant-B)

𝐿𝐿1-medialLBCOurs AdTree
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Table 3b. The quantitative metric of skeleton extraction results



WoodSKE

Discussion

➢ Skeleton quality comparison (Plant-C)

𝐿𝐿1-medialLBCOurs AdTree

40

Table 3c. The quantitative metric of skeleton extraction results



WoodSKE

Discussion

➢ Skeleton quality comparison (Plant-D)

𝐿𝐿1-medialLBCOurs AdTree

41

Table 3d. The quantitative metric of skeleton extraction results



Discussion 42

➢ Skeleton extraction on other plant species
• Four leafy plants (Pheno4D and PLANest-3D datasets)

Maize Pepper Ribes Rose

Schunck et al., 2021; Mertoğlu et al., 2024.



Discussion 43

➢ Skeleton extraction on other plant species
• Four leafy plants

• Parameter settings
Small structures

Point cloud density

Constraint Laplacian Operator

Dynamic Neighbors Searching
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➢ Skeleton extraction on other plant species
• Four leafy plants

• Parameter settings
Small structures

Point cloud density



Discussion 44

➢ Skeleton extraction on other plant species
• Four leafy plants (Ball query strategy; Input #vertex=20480)

Rose
𝑟𝑟𝑟𝑟𝑑𝑑0 = 0.035 ⋅ 𝑑𝑑𝑏𝑏𝑏𝑏

Ribes
𝑟𝑟𝑟𝑟𝑑𝑑0 = 0.020 ⋅ 𝑑𝑑𝑏𝑏𝑏𝑏

Pepper
𝑟𝑟𝑟𝑟𝑑𝑑0 = 0.020 ⋅ 𝑑𝑑𝑏𝑏𝑏𝑏

Maize
𝑟𝑟𝑟𝑟𝑑𝑑0 = 0.020 ⋅ 𝑑𝑑𝑏𝑏𝑏𝑏



Discussion 45

➢ Skeleton extraction on other plant species
• Four different trees (TreeML-Data dataset; KNN strategy; Input #vertex=204800)

Tree DTree CTree BTree A

Yazdi et al., 2024.
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➢ Skeleton extraction on other plant species
• Four different trees (TreeML-Data dataset; KNN strategy; Input #vertex=204800)

Tree DTree CTree BTree A

Yazdi et al., 2024.



➢ Computation complexity (default parameter settings)

Discussion 46



➢ Computation complexity (default parameter settings)

Discussion 46

#vertex: 102,400
#time: < 5 min



Limitations

➢ Data-driven, sensitive to the quality of point cloud;

➢ The approach to identify root vertex is not robust;

➢ Can only establish stem-leaf, two classes, segmentation.

47



Leaf length

Stem length

𝛼𝛼

𝛽𝛽

Potential applications

➢ Leaf length

48

➢ Leaf angle

➢ Main stem length➢ Organ segmentation
• Organ number count
• Volume measurements 



Conclusion & Future Work



Image from www.clipstudio.net

Conclusion

➢ Can extract precise skeletons from leafy plants, which with complex later stems 

and multiple leaves, performing well on both leaves and stems, and then 

establish stem-leaf segmentation.

➢ Can robustly process various shapes and sizes of plants.

49



Future Work

➢A robust approach to identifying root vertex (e.g., user interaction);

➢Impose biological prior knowledge to avoid potential incorrect branch 

connections;

➢Regard the curve skeleton as a type of data argument, to boost the deep learning-

based plant organ segmentation development.

50
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