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1. Introduction 

In this report, three methods designed as preprocessing steps for image segmentation, object 

recognition and object classification are proposed. Some object recognition approaches are based on 

alignment of a 3D model with a point cloud representing an object on the scene (Aldoma et al., 2012; 

Aldoma et al., 2013; Aldoma et al., 2016; Glover & Popovic, 2013; Papazov & Burschka, 2010). 

These approaches generate object hypotheses by matching features detected in the scene with the 

features of the same type extracted from the models of objects of interest. Each feature is assigned a 

local reference frame (LRF). By aligning a scene LRF with a model LRF, a hypothesis that an 

instance of this model is present in the scene in a particular pose is generated. In this report, we 

propose a novel method for defining LRFs based on detection of planar patches. Another method 

described in this report is an approach for segmenting a 3D point cloud into approximately convex 

surfaces. The obtained convex surfaces can be used as the basis for solving a higher-level scene 

understanding problem such as object recognition or object classification. Several approaches for 

segmentation of point clouds into convex surfaces are proposed in the literature (Attene et al., 2008; 

Mamou & Ghorbel, 2009; Cupec, Nyarko & Filko, 2011). The main quality of the approach proposed 

in this report is its computational efficiency and that it allows detection of overlapping convex 

surfaces. Detection of overlapping convex surfaces can be useful in solving object recognition or 

classification tasks in the case of shapes which cannot be uniquely segmented into convex primitives. 

The third method proposed in this report is a method for detection of toroidal surfaces. To the best of 

our knowledge, this is the only algorithm for detection of toroidal surfaces in 3D point clouds.  

The approaches proposed in this paper are based on polyhedral representation of the input 3D scene, 

where all object surfaces in the scene are represented by polygons, referred to in this paper as faces, 

with arbitrary number of vertices. Furthermore, it is assumed that this representation is optimized 

w.r.t. the number of faces, which means that low curvature regions are represented by less faces, 

while high curvature regions are represented by a greater number of faces. Hence, the size of a face 

can be used as a measure of the stability of the face orientation. The representation with these 

properties can be obtained by the segmentation approach proposed in (Cupec, 2016). This approach, 

based on region growing, segments a dense 3D triangular mesh into approximately planar patches, 

whose boundaries are well aligned to the intersection lines between the supporting planes of adjacent 

patches. Hence, the obtained planar patch set can be regarded as an approximation of a polygonal 

representation of the input mesh. The points where three adjacent planar patches meet are referred to 

in this paper as vertices. Furthermore, the segment of a planar patch boundary connecting two vertices 

is referred to as an edge. The discussed segmentation algorithm provides the information about 

vertices and edges, where each vertex is assigned a list of edges connecting this vertex with other 

vertices. This information is used in the approaches presented in the following sections. 

2. Tangent Based Local Reference Frames 

In this section, an approach for defining LRFs with stable orientation, which can be used for 

generating object pose hypotheses is presented. A common approach for defining LRFs is to use the 

surface normal distribution in the local neighborhood of a selected keypoint to define the orientations 

of the LRF axes (Zhong Y, 2009). Stability of the LRFs defined in such a way depends on the 

geometric properties of the local neighborhood of the keypoint, where high curvature of the local 
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surface usually assures better LRF stability. In this paper, we propose a different approach, where 

low curvature regions are used to define stable LRFs. LRFs are defined by segmenting the object 

surface into planar patches and using these patches to define LRFs. A LRF defined using this 

approach is more stable if it is defined using larger planar patches. 

The idea of the proposed approach is to identify low curvature regions on object surface, determine 

their tangential planes and create LRFs defined by two tangential planes with sufficiently different 

orientations in order to obtain stable LRF orientation. Two non-parallel planes define 5 of total of 6 

degrees of freedom (DoF) of a 3D LRF. Let the normal of one of these two planes define the 

orientation of the z-axis of the LRF. The intersection line of these two planes is taken as its x-axis, 

while the origin of the considered LRF is constrained to lie on that line. Then, these two planes define 

5 DoF of the LRF, since y-axis is uniquely determined by the x- and z-axis and the only remaining 

DoF needed to define this LRF completely is the position of the LRF's origin on the intersection line 

of the two planes.  

We assume that the tangential plane in any point of a planar patch is identical to the supporting plane 

of this patch. Furthermore, we assume that a point on a common edge of two planar patches can have 

an infinite number of tangential planes, i.e. all planes containing this edge whose normals are defined 

by  
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where ni and nj are normals of the two considered planar patches.  

In order to obtain a stable LRF, we require that the angle between the normals of two tangential planes 

defining 5DoF of a LRF is at least 45. The proposed method starts with an initial planar patch Fi, 

whose supporting plane i is used as the first tangential plane of a LRF. Then, the second tangential 

plane is searched in the neighborhood of the initial planar patch by a region growing process. The 

region growing procedure starts from the initial planar patch Fi being the initial region, which is then 

grown by adding adjacent planar patches whose normal is oriented at the angle less than 45 w.r.t. 

the normal ni of Fi. If a planar patch Fj, which is added to the considered region, has a neighbor Fk 

whose normal nk is oriented at the angle  45 w.r.t. ni, then a tangential plane ijk
  is computed, 

which contains the common vertices of Fj and Fk and whose normal is oriented at the angle of 45 

w.r.t. ni. Note that since the angle between ni and nj is  45 and the angle between ni and nk is less 

than 45, i.e. 
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there is a value s, for which  
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which means that there is a plane with normal 
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such that the angle between ni and ijkn  is 45. Value s in (2) can be computed by solving (1). 

Planes i and  define a LRF, where z-axis of this LRF is parallel to ni and x-axis is perpendicular 

to both ni and ijkn . An example is given in Fig. 1, where the supporting planes of the initial planar 

patch Fi and the tangential plane at the edge Ejk between two planar patches Fj and Fk are depicted 

with green and blue dashed lines respectively.  

 

Fi

Fj

Fk

Ejk

 

Fig. 1. A polyhedral surface with faces Fi, Fj and Fk. A LRF is defined by the supporting plane of Fi depicted by the 

green dashed line and a tangential plane at the edge between Fj and Fk depicted by the blue dashed line. 

The region growing procedure which generates LRFs from a particular initial planar patch is 

constrained to the convex surface which that segment belongs to. Clustering of planar segments into 

convex surfaces is described in Section 3. 

As explained at the beginning of this section, the proposed approach for defining LRFs is designed 

for generating pose hypotheses. Since, the number of features used in hypothesis generation process 

determines the complexity of this process, a desirable property of a hypothesis generation method is 

that it generates a relatively small set of hypotheses, which contains the true hypothesis with a high 

probability. In order to reduce the number of features, the proposed approach considers only dominant 

planar patches. For a particular convex surface, the largest planar patch Fi is identified and only planar 

patches whose size is  TRF,1 · |Fi|  are considered as candidates for initialization of the LRF 

generation process, where TRF,1 is a user defined parameter and |Fi| is the size of the largest planar 

patch of the considered convex surface. Furthermore, the distance ijk between the orthogonal 

projections of the common vertices of Fj and Fk onto the intersection line of i and  is used as a 

measure of saliency of the tangential plane . All tangential planes  generated for a given 

segment Fi are sorted according to this measure and only those planes  having ijk  TRF,2 · i,max 

are used to generate LRFs, where TRF,2 is a user defined parameter and i,max is the maximum value 

ijk for that particular patch Fi. Furthermore, in order to avoid creation of similar LRFs, a LRF is 
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created from a plane  only if there isn't another plane ipq
 such that the angle between x-axes of 

TRFs created from  and  is < TRF,3 and ipq > ijk. 

3. Segmentation into Convex Surfaces 

In this section, an algorithm for segmentation of 3D point clouds into convex surfaces based on 

aggregation of planar patches is presented. The input to the algorithm is a triangular mesh  obtained 

from a 3D point cloud and the output is a set  of convex surfaces Ci. First,  is segmented into 

planar patches using the method described in (Cupec, 2016). A benefit of this representation is that 

the convex hull of the vertices of a set of planar patches represents a good approximation of the 

convex hull of the union of all points of this set, which allows fast aggregation of planar patches into 

convex segments, since only a relatively small number of vertices must be considered.  

Aggregation of planar patches into approximately convex surfaces is based on a region growing 

process explained by Algorithm 1. The process is initialized by selecting the largest planar patch Fi 

which represents the initial convex surface Ck from set  containing of all planar patches which are 

not already assigned to a convex surface. This surface is then grown by adding adjacent segments Fj 

which satisfy convexity constraint with the convex surface Ck grown so far. In addition to planar 

patches, a convex surface Ck is assigned a set of vertices 
kCV . The convexity criterion a planar patch 

Fj must satisfy in order to be joined to a convex surface Ck is that the percentage of the vertices from 

the set 
iFV which belong to the convex surface is  convex, where convex is a user defined parameter. 

A vertex whose position is defined by vector p is considered to belong to the convex surface Ck if the 

following condition is satisfied 

 T

p p convexn p d     (3) 

for all 
p kF C , where np is the normal of Fp, dp is the distance of the supporting plane of Fp to the 

origin of the mesh RF and convex is a user defined tolerance. If a segment Fj satisfies the convexity 

criterion, it is added to the convex surface Ck and all of its vertices which satisfy (3) are added to  

kCV . 

Since a new planar segment considered for addition to a grown convex surface must be consistent 

with all the segments already grouped in this convex surface according to the convexity criterion, the 

final shape of the convex surface is heavily dependent on the order in which planar segments are 

added to it. In the approach applied in our research, selection of the next segment for inclusion in the 

grown convex surface is made according to the similarity of the orientation of its normal to the mean 

convex surface normal. The mean normal of a convex surface Ck is defined by 
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where X  denotes the cardinality of a set X. In each iteration of the region growing process, the list 

Q of candidates for inclusion in the grown convex surface Ck is updated and, at the beginning of each 

iteration, the candidate whose normal has most similar orientation to kn is selected. After a region 

growing process is completed, the planar patches aggregated in the new surface Ck are removed from 

set . Then, another region growing process is started by selecting the largest planar patch in .  

Algorithm 1 Mesh Segmentation into Convex Surfaces 

Input: , convex, convex 

Output:   = {C1, C2, … }  

1 : Segmentation of  into planar surface segments. The result is a set of planar segments  = {F1, F2, … } 

2 :    

3 : k  1 

4 : Repeat 

5 :  Fi  the largest segment in   

6 :  Ck  Fi 

7 :  kn   ni 

8 :  Q  Fi 

9 :  
kCV   

10 :  Repeat 

11 :   Fj  segment from Q whose normal has the most similar orientation to kn  

12 :   Remove Fj from Q. 

13 :   
jFV   set of all vertices on the boundary of Fj 

14 :   
jFV   subset of 

jFV containing only vertices which satisfy (3) for all 
l kF C

 
 

15 :   If 
j jF F convexV V   then 

16 :    
kCV  

kCV  
jFV  

17 :    
k k j j

k

k k j j

C n F n
n

C n F n

  


  
   

18 :    Ck  Ck  Fj 

19 :    Remove from Q all segments which don't satisfy (3) for all vertices from 
jFV . 

20 :    Add to Q all segments from  adjacent to Fj which satisfy (3) for all vertices from 
kCV and which are not in Q already. 

21 :   end if 

22 :  until Q is empty. 

23 :  Add Ck to . 

24 :  Remove from  all segments contained in Ck. 

25 :  k  k + 1 

26 : until  is empty. 

27 : return  

 

As an example, the result obtained by applying the proposed mesh segmentation algorithm to a depth 

image and a 3D object model from the Kinect dataset (Aldoma et al., 2012) is shown in Fig. 1, where 

every convex segment is displayed in different color.  

During the region growing process, the candidates for inclusion into the grown convex surface are 

searched among the elements of , i.e. among planar patches which are not already assigned to a 

convex surface (See line 20 of Algorithm 1). Thereby, convex surfaces representing disjoint point 

sets are obtained. If the condition for inclusion of adjacent planar patches into the grown convex 

surface Ck in line 20 of Algorithm 1 is modified to allow addition of all planar patches \l kF C  

adjacent to Fj instead of constraining the selection to , another variant of the discussed algorithm is 

obtained, which produces overlapping convex surfaces. 
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 (a) (b) 

Fig. 1. Segmentation of a 3D object model (a) and a depth image (b) into approximately convex surfaces. Convex 

surfaces are painted in different colors. 

4. Detection of Toroidal Surfaces 

In this section, an algorithm for detection of toroidal surfaces in 3D meshes is proposed. Toroidal 

surfaces considered in this paper can be used to model e.g. holes in objects or bended objects like 

bended pipes or cables. The input to the algorithm is a triangular mesh  obtained from a 3D point 

cloud and the output is one or multiple instances or the torus model described in this section.  

The model of toroidal surfaces used in this work is shown in Fig. 2. Toroidal surfaces are modelled 

by polyhedrons composed of multiple faces. A toroidal surface is defined w.r.t. a reference frame 

(RF), depicted in Fig. 2 in green color. The orientation of each face normal w.r.t. this RF is defined 

by two angles explained in Fig. 2. Angle  defines the orientation of the orthogonal projection of a 

face normal onto the xy-plane, while  is the angle between the face normal and the z-axis. The faces 

are grouped in cones, where all faces of one cone have the same angle, referred to in this paper as 

the cone angle. One of these cones is denoted in Fig. 2 by red color. 

Z Z

X X

YY





face 
normal

face 
normal

(a) (b)  

Fig. 2. Model of toroidal surfaces. The dashed blue line represents the orthogonal projection of the considered face 

normal onto the xy-plane of the reference frame. 

The ith cone is defined by cone angle i, where i = 1, …, n. Values i are user defined. By defining 

this angle sequence, a user can choose a desired resolution of the torus model. In our research, we use 

the angle sequence defined by 
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  4 8, 1, ,7i i i    . 

Analogously, angles  of the torus model are defined by a sequence 1, 2, …,
n

 . The same 

sequence is used for all cones. In our research, we use the angle sequence defined by 

  1 8, 1, ,16j j j    . 

Let Fij be the jth face of the ith cone of a torus model. The normal of this face is defined by 

 cos sin , sin sin , cos .
T

ij j i j i in          (4) 

The supporting plane of face Fij is defined by the following equation 

 0,T

ij ijn p d    

where p is the coordinate vector of a point on the considered plane w.r.t. the torus model RF and dij 

is the distance of this plane w.r.t. the same RF. Each plane defines a half-space. In this paper, we use 

the following convention. If  

  0,T

ij ijn p d   (5) 

then point p belongs to the half-space defined by plane (nij, dij). The ith cone of a torus model can be 

regarded as the point set obtained by union of half-spaces defined by planes (nij, dij), j = 1, …, n. 

Hence, a point p belongs to the ith cone if at least one of equations (5), where j = 1, …, n, is satisfied, 

i.e. if 

  
1
min 0.T

ij ij
j n

n p d
 

   (6) 

The whole torus represents the intersection of point sets defined by (6) for i = 1, …, n. Hence, a point 

p belongs to the torus if all equations (6), where i = 1, …, n, are satisfied, i.e. if 

   
11

max min 0.T

ij ij
j ni n

n p d
   

   (7) 

A point p lies on the torus surface if 

   
11

max min 0.T

ij ij
j ni n

n p d
   

   (8) 

The set of points belonging to a torus can be defined by 

   3

11
max min 0 .T

T ij ij
j ni n

V p n p d
   

 
    
 

 

Let's consider a case where a torus VT is used to model a hole in an object. Let O be the object without 

the hole and O' the same object, but with hole modelled by the torus. Then, the following equation 

holds  
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 TO O V   . 

Given a RF and a 3D mesh , the approach proposed in this section detects toroidal surfaces by 

detecting cones and grouping the detected cones into toroidal surfaces. First,  is segmented into 

planar patches using the method described in (Cupec, 2016). As the result, mesh  is represented 

by a set of planar patches, with vertices and edges defined in Section 1. Then, cones are searched by 

considering the tangents in all edges as candidates for cone faces. An example of a tangential plane 

at an edge between two planar faces is shown in Fig. 1. As already noted in Section 2, infinite number 

of tangential planes exists at an edge between two faces. Let (E) be the set of all tangential planes 

in edge E. For a particular i, cones are detected by searching for connected sets c of mesh edges 

with the property that for every E  c there is a tangential plane (nE,i, dE,i) (E) such that  

  , ,E i in z   , 

where symbol   denotes the angle between two vectors and z is the unit vector representing the z-

axis of the torus RF. A set of edges c is connected if for any two edges E, E'  c there exists a 

sequence E1, E2, .., En, such that E1 = E, En = E' and each two consecutive edges Ei and Ei+1 share a 

common endpoint. Furthermore, we require that each edge E  c defines one cone face. Hence, an 

edge E  c should not be contained in the half-space defined by the plane (nE',i, dE',i) of another edge 

E'  c, i.e. the following condition must be satisfied by all edge pairs E, E'  c  

 , , , 0, 1,2T

E i E k E in p d k    , (9) 

where pE,1 and pE,2 are the endpoints of E. In order to make the algorithm robust to the measurement 

noise, instead of (9), the following relaxed condition is used 

 , , , , 1,2T

E i E k E in p d k     , (10) 

where  is an experimentally determined tolerance. From every edge set c with the properties 

described above, a cone is created. For every j = 1, …, n, dij is computed by 

  ,

1,2

min T

ij ij E k
E
k

d n p



 . (11) 

The obtained parameters dij together with normals nij define a complete cone. Note that each dij is 

defined by normal nij and one of the endpoints of edges E  c, for which the dot product ,

T

ij E kn p  is 

minimum. The endpoint which defines parameter dij is referred to in this paper as the reference point 

of the plane (nij, dij) and denoted by pij. 

The detected cones are then combined in toruses. A torus is created from a sequence of cones, where 

each of these cones corresponds to one angle i, i = 1, …, n. The criterion which is used to decide 

whether two cones belong to the same torus is that all reference points of these cones must lie on the 
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surface of the torus consisting of these two cones. This means that all reference points of two cones, 

where the angle of the first cone is i and the angle of the other cone is i+1, must satisfy the following 

equation 

   
1, 1

max min 0.T

ij ij
j ni i

n p d
 

   (12) 

Equation (12) is a special case of equation (8) for a torus consisting of two consecutive cones. Since 

dij is computed by (11), all reference points of the ith cone satisfy 

  
1
min 0.T

ij ij
j n

n p d
 

   

Furthermore, if pi+1,j is the reference point of the plane (ni+1,j, di+1,j) and 

  1, 0T

ij i j ijn p d   , (13) 

then 

  
1
min 0.T

ij ij
j n

n p d
 

   

Consequently, if (13) is satisfied for all reference points of two consecutive cones, then (12) is 

satisfied for all reference points of these two cones. In order to make the algorithm robust to the 

measurement noise, instead of (13), the following relaxed condition is used 

 1,

T

ij i j ijn p d    . (14)  

Finally, a torus is created for every sequence of cones, where each two consecutive elements of the 

sequence satisfy the described criterion. 

Algorithm 2 represents an implementation of the described method. The input to this algorithm are 

the set of vertices  and set of edges  of planar patches obtained by the method described in (Cupec, 

2016), where vertices are represented by their coordinates w.r.t. the given RF. Furthermore, angles 

j, j = 1, …, n and i, i = 1, …, n, tolerance  and the minimum number of edges in a cone nmincone 

are also provided by the user. The discussed algorithm allows detection of toruses consisting of an 

arbitrary number of cones between 1 and n. In general, a torus can include cone angles from any set 

i, imin ≤ i ≤ imax, where 1 ≤ imin ≤ imax ≤ n. The algorithm returns a set of toruses  represented by 

pairs (imin, d), where imin is the index of the angle i of the first cone and d is a vector composed of 

parameters dij of all torus faces. Vector d represents a concatenation of vectors di defining the faces 

of particular cones, i.e. the first n elements of d are parameters 
,mini jd , j = 1, …, n, the second n 

elements of are parameters 
1,mini jd 

, j = 1, …, n, etc. Hence, vector d has total of n  (imax – imin + 1) 

elements. This vector together with angles j and i and the torus RF completely defines a torus. The  

torus surface is defined by the following equation 

   
1

max min 0,
min max

T

ij ij
j ni i i

n p d
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where normals nij are defined by (4). 

Algorithm 2 Detection of toroidal surfaces 

Input: , , j, j = 1, …, n, i, i = 1, …, n, , nmincone 

Output:  

1 : Compute (E) for all edges E  . 

2 : Create empty graph . 

3 :    

4 : For i = 1 to n 

5 :  i   

6 :  Determine the set i of edges E   for which a tangential plane (nE,i, dE,i) (E) exists. 

7 :  assigned   

8 :  For every edge E  i 

9 :   If E  assigned then 

10 :    connected  the connected set of edges E'  i \ assigned containing E 

11 :    assigned  assigned  connected 

12 :    If | connected | ≥ nmincone then 

13 :     Determine c  connected containing edges which satisfy (10) by greedy search. 

14 :     If | c | ≥ nmincone then 

15 :      Compute dij for every j = 1, …, n by applying (11) to all edges E  c. 

16 :      Create vector d whose components are values dij. 

17 :      Create matrix P, where the jth column of P is the coordinate vector pij of the reference point of the plane (nij, dij).  

18 :       Add C = (d, P) to i. 

19 :      Insert C as a node into . 

20 :      If i > 1 then 

21 :       For every C'  i-1 

22 :        If all reference points of C and C' satisfy (14), then Connect nodes C and C' by a directed edge, where C is the 

source node and C' is the target node. 

23 :       end for 

24 :      end if 

25 :     end if 

26 :    end if 

27 :   end if 

28 :  end for 

29 : end for 

30 : Detect all sequences of connected nodes in graph  starting with a node, which is not a target node of any directed edge in , and terminating in 

a node, which is not a source node of any directed edge in . 

31 : For every node sequence Ci = (di, Pi), i = imin, …, imax, detected in line 30, where Ci  i.  

32 :  Create a torus from the node sequence. A torus is represented by the index imin and vector , , .
min max

T
T T

i id d d     

33 :  Insert pair (imin, d) into . 

34 : end for 

35 :  return   

 

The greedy search in line 13 is implemented as follows. First, compatibility of each edge pair (E', E'') 

is determined by evaluating (10). Then, each edge E'  connected is assigned a cost representing the 

sum of the lengths of all edges which are not compatible with E' minus the length of E'. Then, a list 

of edges sorted according to this cost in ascending order is created. Finally, the edges from this list 

and are added to c one by one starting from the one with the lowest cost, where the edges, which are 

not compatible with all edges already in c, are not added. Thereby, the obtained set c contains only 

edges which are mutually compatible according to the criterion (10). The greedy search tends to 

maximize the total sum of edge lengths in c.  
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The proposed approach detects toroidal surfaces aligned with a given RF. Note that only the z-axis 

of the torus RF is important for successful torus detection, since it defines the torus axis, while the 

orientation of the other two axes doesn't influence significantly the result. If no a priori knowledge 

about the torus axis is available, the proposed algorithm can be repeatedly applied for a set of different 

axis orientations. For example, a set of unit vectors obtained by uniform sampling of the unit sphere 

can be used as z-axes of the torus RF, while the other two axes can be chosen arbitrarily.  
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