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our method using several public databases and show that the resulting structure
is more consistent with the ground truth. We also show that our method can be
used for point cloud segmentation and outperforms previous methods.

KEYWORDS

hierarchical structure, normalized cut, scene analysis, segmentation

1 | INTRODUCTION

Recently, an increasing number of 3D scene databases have been available online because of the popularity of depth
sensors and user-friendly modeling software. The ability to reuse such databases is critical for many content-hungry
applications such as virtual worlds and games. To understand and retrieve existing 3D scene data, or synthesize new scenes
based on existing ones, an essential problem is how to encode the scene information with a structural representation,
which is compact, organized, and easy to use.

Representing 3D scenes effectively is not a trivial task. The 3D scenes can be in a different format, such as depth data,
point cloud data,! and artificial 3D models.?2 No matter what the format is, the representation should be able to encode
not only the geometry of each object but also, more importantly, the contextual information of the scene. The spatial
relationship between objects or object groups plays a significant role in describing the scene context. It describes how one
object locates relative to another object, that is, A is on top of B, or A hooks on B, and how one object group locates relative
to other groups, that is, group A is beside group B, or groups A and B are quite close while group C is a bit far away.
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Existing methods use either a flat graph or a hierarchical/tree structure to represent 3D scenes. A flat graph usu-
ally consists of nodes representing single objects and edges representing relations between objects. It has been used for
sketch-based scene modeling,* context-based object retrieval,* scene retrieval,’ etc. However, the flat graph requires fur-
ther processing such as segmentation and feature extractions because the flat graph treats each scene elements equally
and is lacking of explicit representation of groups or local regions. Tree structures, which are usually built by an agglomer-
ative or divisive method, can represent the subgroups of a scene more explicitly because the branches of the tree naturally
represent different groups of objects. The existing methods for building a tree structure for 3D scenes can be divided into
two types: learning-based methods, such as that in the work of Liu et al.,’ and analytic methods, such as those in the works
of Zhao et al.,” Hu et al.,® and Xu et al.’ Among the analytic methods, we are more interested in the work of Zhao et al.,”
which can deal with complex relations and is not restricted to small-scale scenes. However, although this method can
build a tree structure that considers the spatial relationship for both object pairs and object groups, the speed of merge
of scene elements is controlled by a merge parameter, which is hard to optimize for different datasets. With a too small
merge parameter, this method may get unbalanced results because it does not consider the global structure of the scene
when merging scene elements.

In this paper, we propose an approach for building tree structures for scenes with an improved merge strategy. Our
method contains two main steps. After measuring the affinity between all pairs of objects in the scene based on the
interaction bisector surface (IBS”), we merge objects iteratively based on a normalized cut (Ncut) criterion. In other words,
for each merge, our method chooses the pair that leads to the minimum Ncut value. We present two ways to apply the
Ncut method to different types of data.

There are two main contributions of our work. First, our approach presents an improved definition of IBS-based affinity
measurement between elements in a scene. It can be used to compute more general and precise weights on IBS ridges.
Second, by using the normalized cut criterion, our method can avoid the unbalance merge and guarantee a global optimal
merge of scene elements in each iteration. Our method is general in the sense that the method for evaluating the affinity
can be applied to different types of geometry elements, such as points of an object, object subparts, single object, or a
group of objects. We show that the proposed method can be naturally used for segmentation of point clouds, as each level
of the hierarchy is a segmentation of the scene. Furthermore, by measuring the approximation between scene elements,
our method can convert a flat scene graph to a hierarchical structure so that it can be used as a supplement to other scene
parsing systems.

2 | RELATED WORK

Our work is closely related to the research on building the structure of 3D objects. Structure analysis is the key feature
of the state-of-art techniques of 3D object processing.!® Analyzing the structure enables many smart applications such as
shape deformation,!! shape synthesis,'>~16 and reconstructions.!” Among these works, many rely heavily on a hierarchical
structure, which is generally believed to be more structure revealing. Wang et al.!® build a hierarchical structure based on
symmetry analysis. Jain et al.'® blend two shapes by matching two hierarchical structures. In the work of van Kaick et al.,?°
the hierarchical structure is built for a set of shapes of the same class by co-analysis. Li et al.!® produce the object structure
first and generate the model part individually by the deep learning method.

Building structures for 3D scenes is very important for many applications such as context-based analysis and
retrieval,>’~%2! scene parsing,®?? and scene synthesis.?® Flat graphs are a commonly used structure representation, where
the nodes of which normally represent single objects and the edges represent the relationship between objects. Although
the flat graph is commonly used, a hierarchical structure is proven to be more structure revealing and informative for
scene parsing,® functional analysis,®?* and scene decoration.?*

Measuring the relationship between scene elements is the first step in building scene hierarchy. While the relationship
between elements in a scene can be both semantic and geometric, we focus on the geometric measurement here. Different
from measuring the relationship between subparts of objects, which is mainly about contacts and symmetry, objects
of a scene are apart from each other for most cases. To compare scenes, Paraboschi et al.?> use the distance between
the barycenters, height distance, and geodesic distance to encode the relationship of adjacent objects. Yu et al.?6 use
not only distance information but also the orientation and ergonomic measures between furniture. Fisher et al.?” use
relative vectors to represent the spatial relationships. In the work of Liu et al.,® the minimum distance between points on
different objects, the distance between bounding box centers, and the ratio between bounding box areas are used as the
relative layout descriptor of objects. To quantitatively represent the spatial relationship, especially a complex relationship,
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Zhao et al.” and Hu et al.® use the IBS and its features. In this paper, we also use IBS to measure the affinity between scene
elements.

Similar to image segmentation, given the set of lowest level scene elements, and the relationship measurement between
them, a hierarchical tree structure can be built by agglomerative or divisive algorithms. Zhao et al.” use agglomerative
hierarchical clustering to merge from the fine details of the scene elements. For each iteration, elements of the scenes
are merged if the affinity measurements between the elements are smaller than a threshold. Although this method is
straightforward and fast to compute, it tends to merge all elements too fast. The threshold has to be adjusted to a proper
value to control the merge speed. To solve this problem, a global optimization method, such as minimum cut (Mincut??)
and Ncut® criteria can be used during the merge. To avoid imbalanced results, we choose to use the Ncut criterion in our
method, which considers both the intergroup and the intragroup relationships. Although the Ncut method suffers from
high computation cost and is sensitive to noise for the image segmentation problem when building scene hierarchy, we
avoid such problems by an exhaustive search because the number of elements of a 3D scene is usually relatively small
comparing to an image.

3 1 OURMETHOD

Our goal is to build a hierarchical structure of 3D scenes. To achieve this goal, we first represent the input 3D scene as a
graph G = (V, E), where Vis a set of scene elements and E is a set of edges that connect the elements. We assign a weight
to each edge, which represents the affinity between two elements. Given a scene with n elements, we define a weight
matrix with the size of n X n, where each item is the edge weight. If there is no edge between two elements, then the
weight is set to zero. With the weight matrix, we then cut the graph iteratively into binary partitions to build the hierarchy.
More specifically, we apply the Ncut criterion to the weight matrix to find the optimal way to cut the graph. There are
two fundamental problems to solve during this process. First is how to measure the affinity between objects or groups of
objects. Second is how to apply the Ncut criterion to build the hierarchy. Next, we provide the details of our method for
these two steps.

3.1 | Compute affinity between scene elements

We use IBS’ for computing the affinity measure between scene elements and use them to build the weight matrix. IBS is
a set of points that are equidistant to at least two elements of the scene. It is designed to compute the similarity of scenes
based on the spatial relationships between the objects composing scenes.” The IBS of 3D data is a mesh composed of
polygons (named ridges). Each ridge is equidistant to at least two samples of the scene data. There are two main advantages
when using IBS to measure the affinity between objects. On the one hand, IBS can represent both simple and complex
relations, whereas the traditional methods based on bounding boxes or contacts have difficulty to deal with complex
relations. On the other hand, the geometry and topology of IBS are robust to small defects of scene models, such as small
holes, bumpy surfaces, and triangle soups.

We use two features of IBS proposed in the work of Zhao et al.,” that is, the distance and the direction angle, to compute
the weight matrix defined in the previous section. The features are defined as follows (see Figure 1): A ridge T on the IBS
is equidistant to sample points p, and p, on objectsl and object2, respectively. Let us define a vector ¥, which connects a
point ¢t on T to p;, and define 7 as the normal vector of T. Then, distance d is the length of 7, and « is the angle between
7 and V. The distance d and direction angle a define the relative location between ¢ (from IBS) to points p, and p, (from
objects). These two features are independent to each other. The IBS point ¢ with large @« may have very large or small d
and vice versa.

The weight of the current ridge T, which is the affinity between p, and p,, is computed by the surface integral of weights
w(t) over the ridge area:

Wy = / w(t)ds €))

w(t) = Wdistance(t)n X Wangle(t)’ (2
where Wangle and Waistance are defined as follows:
(04

Wangle(t) =1 — 7[_/2 (3
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FIGURE1 The distance and the direction angle of ridge T

d
Wdistance(t) =1- B (4)

D = dgjag/2, Where dgiag is the length of the diagonal of the bounding box of the whole scene. D is the upper bound of d.
AS Wangle and Waistance are in different range, n is used for adjusting the influence between the two parts. n is empirically
set to 55 based on the ground truth hierarchies provided in the Princeton Database.

We approximate the surface integral over the ridge T in Equation (1):

Wi= ) wt)As, (5)

where ¢’ is a random point on patch s on ridge T. When max(As) is small enough, W, is a good approximation of Wr.
Then, the weight between object i and object j is computed by the sum of the weights of the ridges that belong to IBS(i, j):

wi.jp= ), Wi (6)

TeIBS(i.j)

where IBS(i, j) is the IBS between object i and object j. Note that not all pairs of objects produce IBS between them. If
IBS(i, j) does not exist, W(i,j) is set to 0.

By computing the affinity value between all pairs of scene elements, we build the weight matrix based on which the
graph partition algorithm can be applied. In Figure 2, we show the weights computed from a simple example scene and
visualize the weights of the ridges. From the figure, we can see that W(i, j) tends to be large when the objects contact with
each other.

3.2 | Use Ncut to build the hierarchy

To avoid the problem of the method,” which tends to merge scene elements too fast, we merge two parts of the scene at
each time. An example of a too fast merge is shown in Figure 3. In this example scene hierarchy, which is produced by
the method of Zhao et al.,” all the objects in the scene are merged into one group within one step. Instead, the result of
our method will be a binary structure, which has been used in many methods.®*
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FIGURE 2 (a) Visualization of weights on the interaction bisector surface (the transparent mesh). Dark green represents larger values,
and light green represents smaller values. (b) The graph for the example scene. The values are the actual weights of the edges
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FIGURE 3 All the objects in this scene will be merged to one group within one step by the method in the work of Zhao et al.”
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(b)

FIGURE 4 The merge order by (a) minimum cut and (b) Ncut criteria for an example scene. The dark to pale blue circles represent the
groups created during the merge. The darker circles represent the earlier merge

The simplest way to adapt the method in the work of Zhao et al.” to binary merge is applying a constraint to merge
two parts each time. According to the merge criterion, the pair of objects that share the largest weights is merged. This
strategy is the same as the Mincut criterion. We tested this method, but we found that it tends to produce unbalanced
results, as shown in Figure 4a. The greenish and reddish colored shapes are the scene objects, and the dark blue to pale
blue circles represent the groups created during the merge. Darker circles represent earlier merges. We can see that, in
Figure 4a, the vase, clock, and sofa on the left corner have never been merged into a group, although they are semantically
and geometrically a good group of objects. To avoid unbalanced results, we choose to use the Ncut criterion.?’ Two types
of methods can be used for applying the Ncut criterion.

When the number of elements is small (less than 100 according to the work of Shi et al.?%), the “greedy pruning” method
can be used. This method iteratively merges two subgroups of the scene at a time until the whole scene becomes one
group. At each merge step, we compute an Ncut criterion for all pairs of subgroups and merge two subgroups if their
merge leads to the minimum Ncut value. The Ncut criterion when merging elements i and j of the scene is defined as*

cut(q’,V—-¢') Z cut(gm, V — gm)

Nceuty(i, j) =
k(@) assoc(g’, V) assoc(gm, V)

; (7

m#L,j

where i and j are the index of the current pair of scene elements/groups, and ¢’ is the new group after merging group i
and group j: ¢’ = g; U g;. By doing this, the groups in the scene gradually merged into one. This process provides us with a
hierarchical structure. In our experiment, we use this greedy strategy for the data from the Stanford Scene Database and
the Princeton Scene Database.
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When the scene contains a large number of elements, the exhaustive search of group pairs that can produce mini-
mum Ncut can be very slow. We use the approximation method based on the eigenvalue system proposed in the work of
Shi et al.?° to compute the optimized Ncut. After computing the Laplacian matrix of the scene graph based on the weight
matrix computed in the last section, we compute the eigenvalues and eigenvectors of the Laplacian matrix and, then,
use the eigenvector with the second smallest eigenvalue to bipartition the graph. We partition the graph recursively until
reaching the individual scene elements. When applying our method for point cloud segmentation, we use this method
because the number of scene elements is around 300.

For both conditions, we find that it is reasonable to merge scene elements that contact with each other earlier as the
relationship between them is quite strong. Therefore, before applying the iterative Ncut algorithm, we detect all the con-
tacts between objects and merge those that share contact relations. More specifically, we identify contacts between objects
by computing the minimum distance between points on them. If the minimum distance is smaller than a threshold, the
two objects are considered as contact with each other.

The pseudocode of the whole algorithm is shown as Algorithm 1. An example result of our method can be seen in
Figure 4b. We can see that, by using the Ncut criterion, the merge is more reasonable and balanced because the furniture
in the left corner of the scene forms a group before merging with the group on the right side.

Algorithm 1. Hierarchy construction
Data: a scene S with n objects

Result: a hierarchy H
. ; — (0 0 0y .
The first level of grouping G° = {¢?, Gys -+ Gnts
The element of G is represented as g; ;
Initialize the current level G = G°;
Initialize H = G;
compute contact matrix M2,,x, :
1, if g; and g; contact with each other
M2i,j «— .
0, otherwise
while 3IM2;; = 1, object; € g1 and object; € gy, (nl # n2)do

merge g, and gz, and update G;

end

H<~ HUG;

while size(G) > 1 do

m = size(G);

compute matrix M1,,.,: M1;; « NCUT(, j);
find NCUT (iyin, jmin) = min{M1} ;

merge g; and g; ,and update G;
H<~HUG;

end

Return H

There are two differences between the proposed method and the method in the work of Zhao et al.” First, our method
uses the Ncut criterion, which considers not only the intergroup relation but also the intragroup relation, whereas
Zhao et al.” use the Mincut criterion and the proximity within the groups is ignored. The Mincut criterion tends to leave
out single small groups and leads to imbalanced grouping, as shown in Figure 4a. The other difference is that our method
merges one pair of objects each step, whereas the method in the work of Zhao et al.” merges multiple subgroups. In their
method, the speed of merge is controlled by a threshold that cannot be optimized for all type of data. A slightly larger
threshold tends to merge too many objects at once, whereas a smaller threshold will make the merge stop in the middle.
Instead, our method has no problem like that and guarantees that each step of merge is optimized.
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4 | EXPERIMENTS AND RESULTS

4.1 | Results

We test our method on the Stanford Scene Database?” and the Princeton Bedroom Database.® The Stanford Scene Database
contains 133 indoor scene examples including kitchen, bedroom, living room, etc. The Princeton Bedroom Database
contains 76 bedroom examples. For the data from these databases, we apply the “greedy pruning” method to compute the

optimal Ncut. Some of the results are shown in Figures 5 and 6.

FIGURE 5 The original scenes (left) and the resulting hierarchies (right) for (a) scene 4,110, (b) scene 4,139, and (c) scene 4,919 from the

Princeton Bedroom Database
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FIGURE 6 The original scenes (left) and the resulting hierarchies (right) for (a) scene 00000, (b) scene 00100, and (c) scene 00087 from the

Stanford Scene Database

4.2 | Comparison and evaluation

To evaluate the hierarchy results, we use the Princeton Bedroom Database, which provides a ground truth made by users.
We compare the similarity between the results and the ground truth by the method in the work of MacDonald et al.>* The
merge orders of the scene element pairs in two hierarchies are considered, and a final value y is computed to describe the
similarity. y = 1 means the merge order is the same, whereas y = —1 means totally different.

We compare the proposed method with following alternative methods.

« DIS. Just compute the integral of Wgistance to build the weight matrix.
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TABLE 1 The y value of different
methods

MINCUT NCUT

NEW MATRIX 0.5738 0.6095
OLD MATRIX 0.5468 0.5741
DIS 0.4232 0.4546
ANGLE 0.3741 0.5542
Note. The bold number corresponds to our
method. y = 1 means the resulting hier-
archy has the same topology as the ground
truth, whereas y = -1 means totally differ-

ent from the ground truth. Mincut = minimum
cut; Ncut = normalized cut.

+ ANGLE. Just compute the integral of wangle to build the weight matrix.
« OLD-MATRIX. Use the method in the work of Zhao et al.” to build the matrix.
« MINCUT. Use the Mincut criterion each time the pair of elements with maximum affinity are merged.

The first three alternatives are different ways of computing the weight matrix, and the last one is an alternative to the
Ncut criterion when building the hierarchy.

In Table 1, we show the average y value of all different combinations of the above methods applied to the Princeton
Bedroom Database. From the results, we can see that the proposed method (NEW MATRIX + NCUT) gets the best results.
We can also see that the y values in the “NCUT” column are higher than those of the “MINCUT” column, and the y values
in the “NEW MATRIX” row are higher than those in the “OLD MATRIX” row. This means that both “NEW MATRIX”
and the “NCUT” of the proposed method improved the final results. The y values when using only Waistance OF Wangle are
lower than that when using our method, which implies that it is important to consider both the distance and direction
angle when computing the weight matrix.

We now analyze and break down the complexity of the computational costs when applying our approach. It is com-
posed of two main parts: computing the affinity matrix and applying the Ncut criterion to build the hierarchy. The main
operation of the first part is computing the IBS. As we used the Quickhull algorithm3! to calculate IBS, the worst case
of the time complexity is O(m?), where m is the number of samples used for computing IBS. The first part takes 1.2 s on
average in our experiments. In the second part of our method, if we use the exhaustive search to compute the best cut, the
time complexity is O(n2k). If we use the approximation method,? the time complexity is just O(nk) as the weight matrix
is quite sparse. n is the dimension of the weight matrix, and k is the number of times that Ncut the method is applied
for building the hierarchy. In our experiments, it takes around 0.01 s on average for the second part. Our experiments are
done on a computer with i7 CPU, 3.4 GHz, and 16 GB of RAM.

4.3 | Generalization of our method

Here, we describe how our method can be applied to the point cloud segmentation. Given a raw point cloud scene data,
we first oversegment it by the region-growing method3? and, then, consider each segment as single elements. We use the
method described in the previous section to build a weight matrix, where the items of which are the weights that describe
the affinity between pairs of segments. We then apply the Ncut method to recursively divide the segments into two parts
until reaching the stop condition. Because the number of segments here is much larger than the number of objects in a
common 3D scene, we use the approximation method based on an eigenvalue system proposed in the work of Shi et al.?°
to compute the optimized partition. To stop the iteration, we check if the degrees of smoothness of the values in the
second smallest eigenvector is lower than a threshold. The smoothness is computed by the ratio between the minimum
and maximum bin values in the eigenvector histogram.

We test the above method on the SceneNN Database®* and RGB-D Scenes Dataset v.2.3* We segment each scene to 382
parts on average with the smoothness threshold 7z /18 and curvature threshold 1.2 for oversegmentation. The eigenvector
smoothness threshold for stopping the iteration is set to 0.08 in our experiment.

We compute the Rand index to evaluate the segmentation results. Our method is compared with the following
alternative methods.
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« FULL-DIS: The method that considers the Euclidean distance between all pairs of 3D points in the input data. This
method is a simple extension of the method of Shi et al.?® from 2D to 3D.

TABLE 2 The Rand index of different methods
OURS FULL-DIS DELAUNAY REGION-GROW

SceneNN Database 0.9021 0.877 0.777 0.8028
RGB-D Scene Datasetv.2  0.7984 0.5015 0.4204 0.5302

(g) DELAUNAY (h) RegionGrow

FIGURE 7 Segmentation result of scene 223 in the SceneNN Database by four methods. (a)-(d) show the segmentation results of the
whole scene. (e)-(h) show the zoomed-out center area of the same scene. The wrong segmentation parts are highlighted by dark circles
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« DELAUNAY: The Delaunay triangulation-based method. It is an alternative to the FULL-DIS method. Instead of using
all pairs of distance, here, only the Delaunay edges of the point cloud are considered. The weight matrix by this method
is much sparser compared with FULL-DIS.

« REGION-GROW: Directly use the region-growing method3? to get the final segmentation result. Region-growing is a
classic method that merges the neighborhood points to the seeds when the angle between their normal vectors is below
a threshold. The smoothness threshold is set to 7 /6, and the curvature threshold is 2.2 in the experiments.

Table 2 lists the Rand index of all methods applied to the SceneNN Database and the RGB-D Scenes Dataset v.2. It shows
that our method outperforms the alternatives. To visually compare the results, we show example results in Figure 7. From
(a)-(d), we can see that, except the region-grow method, all other three methods segment most individual objects well.
However, if we take a close look at the desk-chair area in the middle from a different angle (e)-(h), we can see that the

FIGURE 8 Segmentation results for scenes from the SceneNN Database. Different colors represent different segments
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FIGURE 9 Segmentation results for scenes from the RGB-D Scenes Dataset. Different colors represent different segments

FULL-DIS method cuts the chair on the left side wrongly, the DELAUNAY method cuts one corner of the desk wrongly,
and our method segments the four chairs cleanly. The region-grow method still has difficulty to avoid noise segmentation
in the high-curvature area. More segmentation results of our method can be found in Figures 8 and 9.

5 | DISCUSSION AND CONCLUSION

In this paper, we introduce an improved method for building a binary hierarchical structure for 3D scenes. Our method
is based on contextual information computed from the 3D geometry of the scene. It encodes the affinity between scene
elements and uses the Ncut method to build the hierarchy iteratively. We demonstrate that the hierarchical structure
computed by our method outperforms the previous handcrafted feature-based methods. We also show that our method
can be applied to point cloud segmentation.

There are some limitations of our work. First, we do the bipartition of the scene data, which may lead to unnatural
results for symmetric examples, such as a bed with two same nightstands on both sides. Second, our method is not good
at dealing with incomplete point cloud data, which is quite common when the data is captured by depth sensors.

As a future work, we will first develop a method that considers the symmetry of the scenes when constructing the
hierarchy. This can cope with the limitation of our current system mentioned above, where symmetric objects are joining
the group one by one. Second, we can use other types of information in addition to geometric information, such as the
semantic labels or user's interactive input®> when dealing with noisy and incomplete data. Another interesting direction
to explore is to develop a data-driven approach for constructing a scene hierarchy. The IBS of the ground truth scene,
which is more abstract than the original scene, can be used as a low-level input feature for training. How to train a model
that maps the geometry and semantics information to the hierarchy would be a problem that is worth investigating in
future work.
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