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The similarity recognition of kinematic chains (KCs) is helpful for improving the efficiency of con-
figuration synthesis, which has been paid more and more attention in recent years. The existing recognition
methods are divided into the definition method and feature constant method. Among them, the definition method
is difficult to adopt in practice because of its long operation time, especially when the number of similar vertices
in KCs is large. In this paper, the new concepts of a loop tree (LT) and a loop tree matrix (LTM) have been pro-
posed, which improve the efficiency of similarity recognition. This method is applied on the complete structure
of the following: 8-link with 1 DOF (degree of freedom), 9-link with 2 DOF, 10-link with 1 DOF, 12-link with
1 DOF, 13-link with 2 DOF, 14-link with 3 DOF, 15-link with 4 DOF planar single-joint KCs, and contracted
graphs with up to six independent loops. All results are verified by the definition method to prove the good appli-
cability, reliability, and efficiency of the proposed method. Simultaneously, the application case of the similarity
recognition in a mechanism creation is given to provide a reference for an innovative design.

The similarity recognition of kinematic chains (KCs) is an
important part of the mechanism of innovation design, which
can avoid isomorphism in the synthesis process and reduce
the generation of redundant design schemes (Yan, 1992;
Tsai, 2000; Sun et al., 2022). At present, relatively little re-
search has been done on similarity recognition, including
the definition method and the characteristic constant method.
Among them, similarity recognition is accurate when using
the definition method of graph theory, but numerous com-
putations will be generated, especially when the number of
links exceeds 10 (Sun et al., 2020). And for the characteristic
constant method, most of them are not dedicated to similar-
ity recognition but are more often applied to isomorphism
recognition. Similarity recognition and isomorphism detec-
tion are essentially the same. The difference lies in that one is
a recognition within graphs and the other is a recognition be-
tween graphs. Therefore, the characteristic constant method

applied to isomorphism detection can also be used for simi-
larity recognition.

Vertices in graph theory represent KC components, and a
similarity analysis of the KC components can be transformed
into a similarity recognition problem of vertices in topolog-
ical graphs. Harary and Palmar (1966) discussed graph sim-
ilarity, where it is noted that, if vertices u and v of graph G
are similar, then G —u = G — v and vice versa. Freudenstein
(1967) provided the condition for similarity from the per-
spective of the permutation cycle of the automorphism group.
However, the calculation amount is substantially larger, and
a KC with n links requires n! cycle times. Lv (1989) veri-
fied the necessary conditions for similar vertices. Wang and
Yan (2002) classified the similarity between components into
symmetrical, parallel, transferred, and irregular states. This
method only uses the vertex degree of the KC and does not
reflect the specific connection between the components and
misjudgments in several special cases. Sun et al. (2020) pro-
posed similarity recognition methods based on the definition



of similarity. However, the judgment is complicated when the
number of similar vertices in the KCs are large.

There are many methods for isomorphism discrimination,
which can also be used for similarity recognition, such as the
eigenvalue, eigenvector, characteristic polynomial (Uicker
and Raicu, 1975; Mruthyunjaya, 1984; Mruthyunjaya and
Balasubramanian, 1987; Yan and Hall, 1982; He et al., 2005;
Cubillo and Wan, 2005; Sunkari and Schmidt, 2006), Ham-
ming number-based (Rao and Varada Raju, 1991; Rao and
Rao, 1993, 2008; Dharanipragada and Chintada, 2016; Sun
et al., 2017), code-based (Ambekar and Agrawal, 1987; Shin
and Krishnamurty, 1992; Tang and Liu, 1993; Rai and Pun-
jabi, 2018, 2019), and distance-based or path-based (Ya-
dav et al.,, 1996; Venkata Kamesh et al., 2017) methods.
For example, Uicker and Raicu (1975) applied characteris-
tic polynomials of adjacent matrices to isomorphism identi-
fication. Ambekar and Agrawal (1987) proposed a coding-
based isomorphism identification method. Rao and Varada
Raju (1991) first introduced the concept of the Hamming
distance in the field of information and communication to
the mechanism. Sunkari and Schmidt (2006) introduced the
eigenvalue and eigenvector of the adjacency matrix as the
criterion into the isomorphism identification method. More-
over, Venkata Kamesh et al. (2017) detected the isomorphism
of linkage and geared KCs using the concept of net distance
in graph theory; counterexamples have been found for 10-
link KCs in this paper. By considering the simplicity of the
method, scholars, such as Shin and Krishnamurty (1992),
Tang and Liu (1993), and Rai and Punjabi (2018, 2019), have
conducted extensive research on code-based methods. Over-
all, the similarity recognition of the KC, based on the graph
theory definition has no advantage in efficiency, especially
when the number of similar vertices in the KCs are large.
Existing characteristic constant methods cannot fully express
the vertices and the graph’s information, and their reliability
will become poor with the large number of links. And many
other methods have not been applied to similarity recogni-
tion. Therefore, in this paper, an idea with high efficiency
and reliability of similarity recognition is proposed using a
loop tree (LT) and a loop tree matrix (LTM) method.

The rest of this paper is organized as follows. Section 2
proposes the concept of the LT and LTM. Section 3 applies
the LT and LTM to similarity recognition and gives some
examples. Section 4 introduces the similarity algorithm ap-
plication. Section 5 analyzes the recognition results. Finally,
Sect. 6 concludes the paper.

Set A is a vertex of graph G. All loops with A as the starting
vertex are searched and given in the form of a tree (where
vertex A is the root of the tree). For example, in Fig. 1c, the

@

(a) A 10-link with 1 DOF (degree of freedom) KC, (b) a
topological graph, and (¢) a contracted graph.

The LT with vertex 4 as the root of Fig. 1c.

LT with vertex 4 is as shown in Fig. 2 (thick, solid lines in
LT represent parallel edges 1-5).

The LT represents all the information of vertices in the
graph, such as the vertex degree information, assignment in-
formation of connecting edges, and loop information. If the
LTs of two vertices are the same, then the statuses of the two
vertices in the graph are equivalent. For example, in Fig. 1c,
the LT has vertex 1 as the root, as shown in Fig. 3. Although
the tree structure is the same as that in Fig. 2, the vertex de-
gree and the assignment information of connection edges are
inconsistent; thus, vertices 4 and 1 are non-similar.

For the convenience of computer implementation, a matrix
expression of LT is proposed, as shown in Table 1. Each num-
ber in a loop contains three messages. The first message is the
degree of the root, the second message specifies the number
of branch edges, and the third message is the value assigned
for branch edges (fine and thick solid lines are assigned 1
and 2, respectively). But when a cycle is completed, there is
a last number containing only one piece of information (i.e.,
the degree of the root). For example, the loop 4-2-1-3-4 in
Fig. 2 can be expressed as 331, 321, 421, 311, and 3. Other
loops can then be expressed, and the sequence of the num-
bers is converted into a matrix form. The number of digits is
insufficient to fill 0. The LTM of Fig. 2 is shown in Eq. (1).
Definition 1. The row elements of the LTM are sorted in
descending order (i.e., Lq). For example, L4 of Fig. 2 is pre-



Elements of LT.

The loop does not return to the initial vertex

Otherwise

First message Second message

Third message

Degree of the root ~ Number of branch edges

Assigned value of branch edges

Degree of the root

The LT with vertex 1 as the root of Fig. 1c.

sented as follows:

331 321 421 311 3 0
31 321 422 311 0
331 321 321 412 311 3
31 0321 320 3 0 0
331 321 421 311 3 0
31 321 42 311 3 0
LIM=1"331 301 321 412 311 3 |’
31 0321 321 3 0 0
331 312 421 321 311 3
331 312 421 321 3 0
331 312 421 321 311 3
| 331 312 421 321 3 0
C331 321 422 311 3 0]
331 321 422 311 3 0
331 321 421 311 3 0
331 321 421 311 3 0
331 321 321 412 311 3
B TR T TR R T 0
31 0321 321 3 00
31 0321 321 3 0 0
331 312 421 321 311 3
331 312 421 321 311 3
31 312 421 321 3 0
| 331 312 421 321 3 0

If L4 of two vertices are the same, then the two vertices are
judged to be similar; otherwise, they are non-similar. The
steps of the similarity recognition algorithm are as follows.

(@)
(a) A 10-link PSKC-1 and (b) a 10-link PSKC-2.

First calculate Ly of each vertex and compare the Lg pa-
rameters of two vertices. If Ly parameters of two vertices
are different, then these vertices are non-similar, and the next
vertices would be considered. Otherwise, these vertices are
similar. The next vertices are then considered until all candi-
date vertices are identified. For example, vertices 2 and 3 in
Fig. 1c have the same Ly as shown in Eq. (2); thus, vertices
2 and 3 are similar.

331 422 311 321 311
331 422 311 321 3
331 421 321 311 3
331 421 321 3 0
331 321 422 311 311
331 321 421 3 0
331 321 321 411 3
331 321 321 312 411
331 321 321 3 0
331 321 321 3 0
331 321 312 421 311
331 321 312 421 3

2
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The proposed method is tested on planar single-joint KCs
(PSKCs) and contracted graphs of KCs to prove its versatil-
ity. Illustrative examples are provided as follows.

Example 1. In total, two 10-link PSKCs are considered in
Fig. 4a and b.

The adjacency matrices of two 10-link PSKCs in Fig. 4
are entered into the similarity recognition programs. The Ly
of each vertex is solved and compared with other vertices of
same graph. Similar information to that in Fig. 4 is shown in
Table 2. To some extent, solving the similarity of the graphs



Similar information to that in Fig. 4.

Similar vertices

Fig. 4a [1,4][2,3][5,10][6,9] (7, 8]
Fig.4b No

22 18 21
(b)
(a) A 28-link PSKC-1 and (b) a 28-link PSKC-2.

can also identify whether they are isomorphic. Because the
similar information in Fig. 4a and b is different, it can be
judged that they are not isomorphic.

Example 2. In total, two 28-link PSKCs are considered in
Fig. 5a and b, as discussed in Uicker and Raicu (1975).

The adjacency matrices of two 28-link PSKCs in Fig. 5
are entered into the similarity recognition programs. Similar
information to that in Fig. 5 is shown in Table 3. Because the
similar information of Fig. 5a and b is the same, there is the
possibility of isomorphism between two graphs.

The distinction of contracted graphs lies in the existence of
parallel edges, which can be distinguished by setting up the
parallel edge value equal to the number of parallel edges. The
similarity recognition method is same as the single-hinged
KC. As shown in Fig. 8, two 10-link contracted graphs are
considered.

The adjacency matrices of two 10-link contracted graphs
in Fig. 6 are entered into the similarity recognition programs.
Similar information to that in Fig. 6 is shown in Table 4.
Because the similar information of Fig. 6a and b is different,
it can be judged that they are not isomorphic.

In addition to the examples in Sect. 3, the similarity recog-
nition algorithm is applied to the complete atlas of 10-link
with 1 DOF PSKCs. The recognition results are consistent
with the definition method of the graph theory, as shown in
Appendix A (only the upper triangular elements of the adja-
cency matrix are given in the Appendix A).

Similar information to that in Fig. 5.

Similar vertices

Fig.5a [1,2,4,5,6,7,9,10, 14, 15, 17, 18, 19, 20, 22, 23]
[3,8, 11,13, 16, 21, 24, 26] [12, 25, 27, 28]
[1,5,6,8,9,13,14, 16, 17, 18, 21, 22, 23, 24, 25,

26112, 4,7, 10, 12, 15, 19, 27] [3, 11, 20, 28]

Fig. 5b

(a) (b)

(a) A 10-link contracted graph (1) and (b) a 10-link con-
tracted graph (2).

Yan (1992) proposed a regenerated KC method for innova-
tive mechanism design, which represents logical reasoning
for the KC regeneration process. In logical reasoning, the
similarity of the KC components should be analyzed first to
reduce redundant design schemes and improve the innovative
design efficiency. Vertices in the graph theory represent KC
components, and a similar analysis of the KC components
can be transformed into a similarity recognition problem of
vertices in topological graphs.

The working device of a loader is the main part for realiz-
ing the shoveling operation and material loading. Its structure
directly affects the working size and comprehensive perfor-
mance of the loader. Taking the mechanism’s innovative de-
sign of a 6-link loader as an example, as shown in Fig. 7, the
application of similarity recognition in mechanism innova-
tive design is illustrated.

Step 1. Retrieve the existing design by task and enumerate
all the KCs.

Figure 7c shows the original mechanism of the loader’s
innovative design. According to Tsai (2000), 35 9-link with
2 DOF topological graphs are obtained.

Step 2. Analyze the structural and functional constraints
of the original mechanism and conducting topological graphs
screening. For example, see the structural and functional con-
straints of Fig. 7a.

1. There must be a ternary link as a rack.

2. There must be two oil cylinders as the original moving
parts, with one as the rotating oil cylinder and one as
the lifting oil cylinder, where one end of the lifting oil
cylinder is connected to the rack, and the other one is



Similar information to that in Fig. 6.

Similar vertices

Fig. 6a No
Fig.6b  [1,2][3,4]11[5,9] 6, 10]

8 =8 9
N
5 6. k \ ‘ —.-2 ? :

N CH .
4 5 4
(b) ()

(a) Loader functional schematic, (b) structural represen-
tation, and (c) topological graph representation with the (1) rack,
(2, 3) rotary bucket oil cylinder, (4) moving arm, (5) bucket, (6) con-
necting rod, (7) rocker, and (8, 9) lifting oil cylinder.

(@

connected to the moving arm. It shows that the topology
graph has at least two binary chains of length 2.

3. There must be a binary link as the output bucket, where
one end is connected with the moving arm but cannot
be directly connected with the rack.

4. There must be a moving arm, for which the one end is
connected to the rack, and the other end is connected to
the output bucket. One end of the lifting cylinder and
the rocker should be connected with the moving arm by
considering the coordination and stiffness of the mech-
anism.

The direct connection between the binary link and hydraulic
cylinder should be avoided to overcome the excessive forces
on the local components of the transmission. These exces-
sive forces can create the imbalance. The topology graphs
that fulfill the above constraint criteria are shown in the first
column of Table 5.

Step 3. Specify the topology graphs that meet the structural
and functional requirements of the mechanism. For example,
see the specialization of Fig. 7c.

First, determine the rack. Both vertex 1 and vertex 7 are
three degree vertices and can be used as racks. Vertices 1 and
7 are similar, according to the loop tree matrix, and choos-
ing vertex 1 or vertex 7 as racks is equivalent. In this paper,
vertex 1 is chosen as a rack.

Second, the original moving parts are determined. The
original moving parts are binary chains of length 2 in topol-
ogy graph. The edges are assigned to the two that attached
to the rack. Binary chain 23 and 56 are no longer similar,
according to the loop tree matrix. The binary chains 89 and
23, 89 and 56, and 56 and 23 can be chosen as the original
moving parts.

A 28-link PSKC.

When binary chains 89 and 23 are chosen as the origi-
nal moving parts, only vertex 5 can be chosen as the output
bucket. The final functional schematic is shown in Table 5.

When binary chains 56 and 23 are chosen as the origi-
nal moving parts, only vertex 5 can be chosen as the output
bucket. The final functional schematic is shown in Fig. 7a.

When binary chains 56 and 89 are chosen as the original
moving parts, it does not satisfy the structural constraint (4).

According to the above specialization process, other topol-
ogy graphs are given specifically, as shown in the second
column of Table 5. In specialized topological graph, a rep-
resents the rack, o represents output the bucket, B represents
the moving arm, and the solid lines represent prismatic pair.

Step 4. Draw the schematic graph and delete the existing
design as the rest forms the new designs, as shown in the
third column of Table 5.

At present, there are relatively few studies on the similarity,
and the recognition methods are difficult when attempting to
meet the requirements in reliability and efficiency. In this pa-
per, a similarity recognition method based on the tree loop
was proposed, which aims to provide some theoretical sup-
port for configuration synthesis and innovation.

Compared with the graph theory definition method for rec-
ognizing similar vertices, the application of the LT method
can reduce the computer computation considerably. Figure 8
shows the available methods for identifying similar ver-
tices, including the definition method needs a calculation of
28! cycle times. The method of Dharanipragada and Chin-

tada (2016) requires a calculation of 16! x 8! x 4! cycle times,
16 8 4

and the LT method only needs ) 1+) " 14> 1 cycle times.
1 1 1

LTM contains almost all information of the LT, such as
the vertex degree information, assignment information of



The new designs of 6-link loader.

Topological graph Specialization Particularization
9
8 1
7 2
6 3
5 4
1 8
2 7
3 6
4 5

5 6 5
4 4
5 3 5 3
6 2 6 2
7 1 7 1
8 9 8 9

connecting edges, and loop information. Therefore, the LT
method used to recognize the similar vertices is effective, as
proven by numerous recognition examples.

In this paper, the concept of a loop tree containing mul-
tidimensional topological information is proposed, and the
loop tree matrix is established for similarity recognition. This
method is applied to planar single-joint KCs and contracted
graphs to reflect its applicability, and its accuracy is verified
by the definition method. At the same time, the efficiency
of the method is proved by qualitatively comparing the cal-
culation cycle times of various similarity recognition meth-
ods. Finally, through the application of the similarity recogni-
tion in mechanism creation, the practical significance of this
method is shown, which provides a reference for mechanical
equipment design.



Similarity of the 10-link with 1 DOF PSKCs.

Number

Adjacency matrix

0NN AW

DA BB BSDSDDSDSD DS WL LWL WWL WWIERNDNNDNDNIDNDNDNDNDDN = === == \O
OO0 IANAN NP WO, OOV IANNE WO, OOV NPE WD, OWOVOINWN PR WD —=O

101000001100010001000100100000100001000100101
101000001100100001000010100000100001000100101
101000001100100001000100100000100001000100101
100100001100100001000100100000100001000100101
100100001100010001000100100000100001000100101
100100001100010001000000100100100001000100101
100000011100100001000100100001100001000100100
101000010100100001000001100000100001000100110
100100001100010001000010100000100001000100101
100010001100010001000000100010100001000100101
100100001100010001000000100010100001000100101
100100010100000011001000100001100001000100100
100010001101000001000100100000100001000100101
100010001101000001000010100000100001000100101
100001001101000001000100100000100001000100101
101000010100010001000001100000100011000100100
101000001100001001010000100000100001000100101
100100001100000101010000100000100001000100101
100000011101000001000001101000100001000100100
101000001100000101010000100000100001000100101
100100010100010001000001100000100001001100100
100100001100001001001000100000100001000100101
100100001100001001010000100000100001000100101
100100001100001001000000101000100001000100101
101000001100010001000000100000101001000100101
100000011101000001000100100000100001001100100
100010010100000011000100100001100001000100100
100100001100000101001000100000100001000100101
101000010100001001000001100000100001001100100
100000011100100001000001100000101001000100100
100000011100001001010000100001100001000100100
100100010100000011010000100000100001000100110
101000001100010001000000100000100101000100101
101000001100010001000000100000100001010100101
100100001100000101000000101000100001000100101
100010010100000011000100100000100011000100100
100001001100100001000000100010100001000100101
100010001100001001001000100000100001000100101
101000001100001001001000100000100001000100101
100000101101000001001000100000100001000100101
100001010100000011010000100001100001000100100
100000101101000001000000101000100001000100101
100010010100010001000001100000100011000100100
100001001100001001010000100000100001000100101
100010010100001001000001100000100011000100100
100000110100010001000010100001100001001100000
101000010100001001000000100000100011000101100
100000101100010001010000100000100001000100101
100001010100100001000001100000100011000100100
100000110100100001000001100000100011000110000

LTM method Definition method
[1,4,7,8]1[2,3][5,6,9, 10] Same
[1,4]12,3][5,10][6,9][7, 8]

No

No

[3,7]114, 6]

[1,8]1[2,4,5,7][3,6][9, 10]
[1,4,6,8][2,3][5,7,9, 10]

[1, 3119, 10]

[1, 3] [4, 10] [5, 9] [6, 8]

[1,2,6,7][3,5,8, 10] [4, 9]
[1,5]12,4][6,10][7,9]

o o ©

o

=]

ZgZZZZZ

o

[1,7]1[2,4][3,5]]6,10][8, 9]
[1,4][2,3][5,10][6,9][7, 8]
[1,7][4, 10] [5, 6] [8, 9]

No

No

[1, 8][5,7]119, 10]
[1,8][2,4,5,7][3,6][9, 10]
[3, 5] 6, 8] [9, 10]

[1,4,6,8][2,3][5,9][7,10]
[1,2][3,5]19, 10]

No
[1,6][2,7]3,8][4,9] 5, 10]
[1,5]12,4][6,10][7, 9]
[1,2][3,6][4,7][5,8][9, 10]
[1,2,6,7][3,5,8, 10] [4, 9]
[1,6][2,7][3, 8][4, 9] [5, 10]
[1,4,7,8]1[2,3][5,6,9, 10]
No

[1,7][2, 6] [5, 10] [8, 9]
1,8]12,7][3, 6] [4,5][9, 10]
1,71 12, 6] [3, 5] [4, 10] [8, 9]
1, 8] 12, 7] [3, 6] [4, 5] [9, 10]
4, 10]

3,7] 1[4, 6] [5, 10] [8, 9]
1,2][3,9][4, 8] [5, 7] [6, 10]
1,3,6,8][2,7][4, 5,9, 10]
1, 7112, 6] [3, 5] [4, 10] [8, 9]
1

[
[
[
[
[
[
[
[
[1,3,5,71[2,6][4,8,9, 10]




Continued.

Number Adjacency matrix LTM method Definition method
51 101010010100000011000000100000100001000100101 [2, 4] [5, 10][6,9][7, 8] Same
52 101010001100000101000000100000100001000100101 No

53 101001001100000101000000100000100001000100101 No

54 100101001100000101000000100000100001000100101 No

55 101010001100001001000000100000100001000100101 No

56 101000011100001001000000100000100011000100100 [2,4]1[5,8]16,7](9, 10]
57 101010001100000001000010100000100001000100101 No

58 100100011100001001000000100000100001001100100 [2, 5113,4]16, 819, 10]
59 101001001100000001000010100000100001000100101 No

60 101000011100010001000000100000100011000100100 No

61 100101001100000001000100100000100001000100101 No

62 101010001100000001000100100000100001000100101 No

63 100100011100001001000001100000100001000100100 No

64 100100011100001001000000100001100001000100100 No

65 100100011100010001000001100000100001000100100 No

66 100100011100010001000000100001100001000100100 No

67 100010011100010001000000100001100001000100100 [2,6][3,5]

68 101000011100000001000100100000100011000100100 No

69 100100011100000001000100100001100001000100100 No

70 100000111100100001000010100001100001000100000 No

71 100010011100000001001000100000100011000100100 No

72 100100011100000001001000100001100001000100100 No

73 100010011100000001001000100001100001000100100 No

74 101000011100000001001000100000100011000100100 No

75 101000011100000001001000100000100001001100100 No

76 100000111100000001010000100010100011000100000 [2, 101 [3, 5]

77 101010010100000011000000100000100001000100110 [2,6][3,5][7,10]

78 101000011100001001000000100000100001001100100 No

79 100101001100000001000010100000100001000100101 [2, 101[3,9] 14, 815,71
80 100010011100001001000000100001100001000100100 No

81 100000111100010001000010100000100011000100000 [3,71[4,6]1[8,91]

82 101000011100000001000100100000100001001100100 No

83 100100011100000001000100100000100001001100100 No

84 100010011100000001000100100001100001000100100 [4, 8115, 7119, 10]

85 100000111100000001001000100010100011000100000 [2,9113,4]15,711(8, 10]
86 101001001100001001000000100000100001000100101 No

87 101001001100000001000100100000100001000100101 No

88 100101001100000001000000100100100001000100101 [2, 101[3,9] 14, 8115, 7]
89 100010011100010001000001100000100001000100100 No

90 100100011100000001000000101000100001001100100 No

91 100100011100000001000000100001100001000101100 No

92 100100110100000001010000100001100001000100001 [4,6][7,10] [8, 9]

93 100100101100010001000000100000100001000100101 No

94 101000101100010001000000100000100001000100101 No

95 100100101100100001000000100000100001000100101 [2, 5113, 4]

96 100010101100000001001000100000100001000100101 No

97 100001011100100001000001100000100001000100100 No

98 101000101100000001001000100000100001000100101 No

99 101010001100000001000000100000101001000100101 No

100 101010010100000001000000100000100011000101100 No

101 101001001100000001000000100000101001000100101 No

102 100100011100100001000000100000100001000101100 [2, 5113, 4]

103 101001010100000011000000100000100001001100100 [2,4]15, 10]

104 101000101100100001000000100000100001000100101 No

105 100001011100100001000000100001100001000100100 No




Continued.

Number Adjacency matrix LTM method Definition method
106 100100101100000001001000100000100001000100101 No Same
107 101001010100000001000001100000100001001100100 No

108 100100101100000001010000100000100001000100101 No

109 100001011101000001000001100000100001000100100 No

110 101000101100000001010000100000100001000100101 No

111 100001011100000001010000100000100011000100100 [2, 10][3, 5]

112 100001011100000001010000100001100001000100100 No

113 100100011100010001000000100000100001000100110 [9, 10]

114 101000011100010001000000100000100001000100110 [9, 10]

115 100100011100100001000000100000100001000100110 [2, 513, 4119, 10]

116 100100011100000001000001100100100001000100100 [2, 10]

117 100000111100100001000010100000100001000101000 [8, 10]

118 101000011100000001001000100000100001000100110 [9, 10]

119 100100011100000001000001101000100001000100100 [2, 10]

120 100100110100000001000010100001100001001100000 [2,9]

121 100010011100000001000001101000100001000100100 [2, 10]

122 101000011100100001000000100000100001000101100 No

123 100100011100000001010000100000100001000101100 No

124 100000111101000001000010100000100001001 100000 No

125 101000011100000001010000100000100001000101100 No

126 101000110100000011000000100000100001001110000 [2,4][5,10] [8, 9]

127 101000011100100001000000100000100001000100110 [9, 10]

128 100000111100100001000000100010100001000101000 [8, 10]

129 100010011100000001000001100100100001000100100 [2, 10]

130 101000110100000001000001100000100001001 110000 [8,9]

131 100100011100000001010000100000100001000100110 [9, 10]

132 100000111101000001000010100000100001000101000 [8, 10]

133 101000011100000001010000100000100001000100110 [9, 10]

134 100000111100000001000010101000100011000100000 [2,9115,7]118, 10]

135 100000111100000001010000100010100001000101000 [8, 10]

136 100010101101000001000000100000100001000100101 No

137 100001011101000001000000100000100001001100100 No

138 100010011101000001000000100000100001000101100 No

139 100101010100000011000000100001100001000100100 [3, 10]

140 100010110100000011000000100001100101000100000 [3, 10]

141 100010011101000001000000100000100001000100110 [9, 10]

142 100000111101000001000000100000100001010101000 [8, 10]

143 100100110100000011000000100001100001010100000 [3, 10]

144 100100110100000011000000100001100001000110000 [3, 101 [8, 9]

145 100001110100000011000000100001101001010000000 [3, 10117, 9]

146 100101010100000011000000100000100001000101100 [2, 5113, 4] [6, 10]

147 101001010100000011000000100000100001000101100 No

148 100010101100000001000100100000100001000100101 [1,8112,7]113, 614, 5119, 10]
149 100010110100000011000010100000100001001100000 No

150 100100101100000001000100100000100001000100101 No

151 101001010100000001000001100000100001000101100 No

152 100001011100000001001000100001100001000100100 No

153 100010011100000001001001100000100001000100100 [1,3][2,10] [4, 9] [5, 8] [6, 7]
154 100100011100010001000000100000100001000101100 No

155 101000011100010001000000100000100001000101100 No

156 100000111100100001000010100000100001001100000 No

157 101000011100000001001000100000100001000101100 No

158 101000110100100001000000100000100001001100001 [7, 1018, 9]

159 100001101101000001000001100000100101000000100 [1,5][4,10][6, 7,8, 9]
160 101000110100000001010000100000100001001100001 [1,6]112,5113,4117,8,9,10]
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Number Adjacency matrix LTM method Definition method
161 100101010100000001000001100000100001000101100 No Same
162 100010110100000001000001100010100001001 100000 [1,6]112,5,9,101[3,4]17, 8]
163 100100110100000011000000100000100001000111000 [2, 5113, 4] [6, 10] [8, 9]

164 101000110100000011000000100000100001000111000 [8, 9]

165 100100011100000001000101100000100001000100100 [1,3112,10] [4,9][5, 8116, 7]
166 100000111100010001000000100011100001000100000 [9, 10]

167 100100011100000001001001100000100001000100100 [2, 10]

168 100000111100010001000000100000100111000100000 [9, 10]

169 100000111100100001000000100011100001000100000 [9, 10]

170 101000110100000011000000100000100001011100000 [2, 4115, 10]

171 100000111100100001000000100010100001001100000 [1,6][5,9117, 8]

172 100100011100000001001000100000100001000101100 [1,7]112,6][3,5]1(8,9]

173 10100011010000000100000110000010000101 1100000 No

174 101001001100000001000000100100100001000100101 [1,4112,3]15, 10]1[6,9117, 8]
175 100100110100100001000000100000100001001100001 [1,6][2,5]13,4]1(7,8,9,10]
176 100100110100000001000011100000100001000101000 [2,9]

177 100000111100000001001000100000100111000100000 [1,5112,4,6,81[3,7]119, 10]
178 100101010100000011000000100000100011000100100 No

179 100010101100000001010000100000100001000100101 [1,6][2,7]13,8][4,9][5, 10]
180 100010110100000011000000100000100111000100000 No

181 100001011101000001000000100000100011000100100 No

182 100101100100000011000000100011100001000000100 [3, 10]

183 100100110100000011000000100000100011010100000 [1,5112,6][3,7][4, 8119, 10]
184 100101010100000001000001100000100011000100100 [4, 10]

185 100010110100000011000000100011100001000100000 [3, 10]

186 100000111101000001000000100000100101000101000 [8, 10]

187 100100110100000011000000100000100011000110000 [8,9]

188 100001110100000011000000100101100101000000000 [3, 10]

189 100011010100000011000000100101100100000100000 [1,4]1[2,5]13,6,9,10][7, 8]
190 100010110101000001000000100000100011000100001 [1,5]1[2,6][3,7][4,8][9,10]
191 100100110100000001000010100000100011000101000 [1,5]12,6,9,10][3,7][4, 8]
192 100001110100000011000000100101100001010000000 [3, 101 (7, 9]

193 101000101100000001000000101000100001000100101 [1,4][2,3][5, 10] [6,9][7, 8]
194 100001011100000001000001101000100001000100100 [2, 10]

195 100001011100000001010001100000100001000100100 [1,3]11[2,10] [4,9][5, 8116, 7]
196 100010110100000001000010100001100001001100000 [1,6][2,5,9,10][3,4]1[7, 8]
197 100010110100000001000011100000100011000100000 [2,9]1[4, 10]

198 100001110100000001000101100000100011010000000 [1,3112,8][4,7,9,10][5, 6]
199 100010110101000001000000100000100001001100001 [1,6]1[2,5]13,4]1(7,8,9,10]
200 100101100100000011000000100001100101000000100 [1,5112,4]113,10][6,7,8,9]
201 100000111101000001000000100000100001011100000 [1,6]112,5]13,411(7, 8119, 10]
202 100001110100000011000000100001101101000000000 [1,5]1[2,4][3,10] [6, 7] [8, 9]
203 101001010100000001000000100001100001000101100 [2,9113, 8][4, 7115, 6]

204 100010110100000001000011100000100001001100000 [2,9]

205 100001110100000001000101100000100111000000000 [1,5]12,4,8,10][6, 7]

206 101010101100000001000000100000100001000100101 [2, 101[3,9]14, 815,71

207 100101011100000001000000100001100001000100100 No

208 101001011100000001000000100000100011000100100 No

209 101000111100000001000000100000100101001 100000 No

210 100101101100000001000001100010100001000000100 [2, 10]

211 100100111100000001000000100010100001001100000 [2, 8113, 7] 1[4, 6] [9, 10]

212 100101011100000001000001100000100001000100100 [2, 10]

213 100010111100000001000010100000100011000100000 [2,9]

214 100010111100000001000010100001100001000100000 [2,9]

215 100100111100000001000010100000100001001 100000 [2,9]
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Number Adjacency matrix LTM method Definition method
216 10000111110000000100010010001010001 1000000000 2, 8] Same
217 100011011100000001000010100100100010000100000 ,6,9,10] [3, 5]
218 101010110100000001000000100000100011000100001 , 8113,7][4, 6]
219 100100111100000001000010100000100001000101000 ,8,9,10] [3, 7] [4, 6]
220 100001111100000001000100100010100001001000000 , 8117, 10]
221 101010110100000001000000100001100001000100001 , 9] [3, 10]
222 10100110110000000100000010001010001 1000000100 , 8113, 9]
223 100101101100000001000000100011100001000000100 , 8113,9]
224 100101101100000001000001100000100101000000100 , 10] [6,9] [7, 8]
225 100010111100000001000000100011100001000100000 , 10]
226 100001111100000001000000100110100011000000000 9]
227 100011011100000001000010100101100000000100000 ,9115, 8] 16, 7]
228 1000011111000000010001001000001001 11000000000 , 8] [9, 10]
229 101011010100000001000000100101100000000100001 4]12,3,5,6,7,8,9,10]
230 100011011100000001000000100111100000000100000 4112, 3,5,6,7,8][9, 10]
Lg of a 10-link with 1 DOF PSKCs.
Adjacency matrix Lg of each vertex Similarity
M 331 321 321 321 311 311 211 211 3 00
331 321 321 321 311 311 3 0 0 0 0
331 321 321 321 311 311 3 0 0 0 0
331 321 321 321 311 211 211 311 3 00
331 321 321 321 211 211 311 311 211 211 3
331 321 0 321 211 211 3 0 0 0 0
331 321 321 321 211 211 3 0 0 0 0
fo 1.0 1 0 0 0 0 O 17 331 321 321 321 211 211 3 0 0 00
1 01 000 1 00O 331 321 321 321 3 0 0 0 0 0 0
01 01 0 0 01 0O 331 321 321 321 3 0 0 0 0 0 0
1 01 01 00 OO O 331 321 321 211 211 321 311 311 211 211 3
000 1 01 0O0O00O0 ) 331 321 321 211 211 321 3 0 0 00 (1. 4.7, 8]
00 0 01 010 O0O0 331 321 211 211 321 321 311 311 211 211 3 [2’3’[5 6
0100 01 01 00 331 321 211 211 321 321 311 311 3 0 0 9’10] T
001 0 0O0T1O0T1O0 331 321 211 211 321 321 211 211 3 00 ’
00 00 0 O0O0OT1T 01 331 321 211 211 321 321 3 0 0 00
L1 0 0 0 0 0 0 0 1 0 | 331 211 211 321 321 321 311 311 3 0 0
331 211 211 321 321 321 311 211 211 311 3
331 211 211 321 321 321 211 211 311 311 3
331 211 211 321 321 321 3 0 0 00
331 211 211 321 321 321 3 0 0 0 0
331 211 211 321 321 321 3 0 0 00
331 211 211 321 321 211 211 321 311 311 3
L 331 211 211 321 321 211 211 321 3 0 0
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L of each vertex
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Adjacency matrix L4 of each vertex

221
221
221
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321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321

Similarity
321 311 311 311 211 2 0 07
321 311 211 211 311 311 211 2
321 311 211 2 0 0 0 0
321 311 211 2 0 0 0 0
321 311 211 2 0 0 0 0
321 211 211 311 311 311 211 2
211 211 321 311 311 311 211 2
211 211 321 311 211 2 0 0
321 321 311 311 311 2 0 0
321 321 311 211 211 311 311 2
321 321 311 2 0 0 0 0
321 321 311 2 0 0 0 0
321 321 311 2 0 0 0 0
321 321 211 211 311 311 311 2
321 211 211 321 311 311 311 2
321 211 211 321 311 2 0 0 |
321 311 311 311 211 2 0 07
321 311 211 211 311 311 211 2
321 311 211 2 0 0 0 0
321 311 211 2 0 0 0 0
321 311 211 2 0 0 0 0
321 211 211 311 311 311 211 2
211 211 321 311 311 311 211 2
211 211 321 311 211 2 0 0
321 321 311 311 311 2 0 0
321 321 311 211 211 311 311 2
321 321 311 2 0 0 0 0
321 321 311 2 0 0 0 0
321 321 311 2 0 0 0 0
321 321 211 211 311 311 311 2
321 211 211 321 311 311 311 2
321 211 211 321 311 2 0 0 |
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