Supplementary Materials of
Hierarchically Decomposed GCNs for Skeleton-Based Action Recognition

1. Additional Details of HD-Graph

Universality of HD-Graph. It is easier to construct our
HD-Graph than existing handcrafted graph [8] even if ours
is composed of more edges than the existing one. [8]’s graph
requires every physically adjacent edges for human joints as
shown in Algorithm 1. On the other hand, our HD-Graph
requires only the hierarchy-wise node sets as shown in Al-
gorithm 2. It verifies that our HD-Graph is more universal
than the existing graph in that the requirements of the HD-
Graph are fewer than those of the existing one.

Algorithm 1: Physically Adjacent Graph
Input: Physically adjacent inward edge set
E={e1,ez,€3,  ,en.}
NTU-RGB+D: € =
{(1,2), (2,21), (3,21), (4,3), (5,21), (6,5), (7,6),
(8,7),(9,21),(10,9),(11,10),(12,11),(13,1),
(14,13), (15, 14), (16,15), (17,1), (18, 17), (19, 18),
(20,19), (22,23), (23,8), (24, 25), (25,12)}
1 Initialize Adjacency matrix A € R3*N*N (o 0
Assign value of 1 to all diagonal components of A%
to get identity nodes.
3 forero £ do
4 Centripetal edges: AP[e] « 1
5 | Centrifugal edges: A/ [reverse(e)] < 1
6 Initialize degree matrix A € R3*V>N (00
7
8

[S]

forn =11t N do
‘ A[n,n] < the number of non-zero elements in

column n of A
9 Normalize adj. matrix with degree matrix:

A A ZAAE
10 return A

Tree Structures for HD-Graph. Tree structures for
skeletal modality has been already proposed in [6], which
applies depth first search (DFS) algorithm to identify the
kinematic dependency relations between the joints. It tra-
verses every joint nodes from the root node to the leaf nodes
to model the spatial dependency of the joints. Neverthe-
less, as [6]’s tree identifies only the adjacent connections
of human joints, it cannot discover direct relationships be-
tween structurally distant nodes. Moreover, it is dependent

Algorithm 2: Hierarchically Decomposed Graph

Input: Hierarchy-wise node sets
H-= {Hl,HQa”' 7HL}

NTU-RGB+D :
Hy, = {2},
Hy, ={1,21},

H; ={13,17,3,5,9},

H, ={14,18,4,6, 10},

Hs ={15,19,7,11},

Hs = {16, 20, 8,12},

H; = {22,23,24,25}
1 Initialize Adjacency matrix A € R

0

2forl=1t0L—1do
3 For H; and H; 1, include all nodes of those
subsets in the diagonal components of the
adjacency matrix to get identity nodes:
Alid[Hl,Hl] — 1, Afd[HH_l,HH_l] —1
4 for i = 1 to length(H;) do

(L—1)X3xNxXN to

5 for j = 1t0length(H;41) do
6 Centripetal edges:

A [Hia(5), Hi(3)] 1
7 Centrifugal edges:

AT H (i), Hipa (7)) < 1
nitialize degree matrix A; € R3*N*N 10 0
9 forn =11t N do

—

10 A;[n, n] + the number of non-zero
elements in column n of A;
11 Normalize adj. matrix with degree matrix:
_1 _1
A~ A AN
12 return A

to much on the fixed joint visiting order, which makes the
model reflect only the topologically fixed edge features. On
the other hand, our HD-Graph is free from those drawbacks.
Although we also uses the tree structure to construct the
HD-Graph, direct relationships of the structurally distant
edges are identified by connecting every nodes for adja-
cent hierarchy node sets. In addition, because there is no
fixed node visiting order in the process of constructing HD-
Graph, HD-GCN leverages various edge features via FC-
edges and adaptively highlights significant edge sets by A-
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Figure 1. Different HD-Graphs are composed of different edge sets. Colored nodes denote CoM nodes of the graphs.

HA module.

2. Effectiveness of Six-way Ensemble

As we mentioned in our main paper, we propose the en-
semble method with joint and bone streams without motion
streams. Model with each stream is trained with three dif-
ferent HD-Graphs, which have different CoM nodes; chest,
belly, and hip. In other words, training ways for our ensem-

ble methods are as follows: (1) joint stream with CoM of
chest node, (2) bone stream with CoM of chest node, (3)
joint stream with CoM of belly node, (4) bone stream with
CoM of belly node, (5) joint stream with CoM of hip node,
(6) bone stream with CoM of hip node. As shown in Fig. 1,
corresponding edge sets for all graphs are different from
each others. We compare the performance of those three
graphs for several labels on NTU-RGB+D 120 joint dataset
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Figure 2. Classification accuracy for several classes with different
HD-Graphs.

com | st NTU-RGB+D 60 NTU-RGB+D 120
0 Team | 5 Sub (%) X-View (%) | X-Sub (%) X-Set (%)
Chest | Y00t 90.4 95.3 85.2 87.0
Bone 90.7 952 86.7 88.1
Beqty | Joint 90.5 95.6 85.7 873
Y| Bone 90.8 95.0 86.3 88.4
- Joint 90.6 957 85.2 87.2
P | Bone 90.9 95.1 86.4 88.4
Ensemble |  93.4 972 | 901 91.6

Table 1. Experimental results according to CoMs and data streams.

as shown in Fig. 2. The differences between the maximum
and minimum accuracy for those three graphs range from
4% to 13%. It heuristically proves that the models trained
on each of the three graphs have different learning patterns.

Ensemble Coefficients. For most recent skeleton-based
action recognition models [1, 2, 4], optimal coefficients for
their ensemble methods should be chosen, which have dif-
ferent values depending on their model. For example, [1]
suggests ensemble coefficients of [1.0, 1.0, 0.6, 0.6], which
represent joint, bone, joint motion, bone motion streams.
Moreover, [2] presents [0.7, 0.7, 0.3, 0.3] and [3] sug-
gests [0.6, 0.6, 0.4, 0.4]. It reduces the universality of
the model in that the coefficients should be manually deter-
mined. However, there is no need to set those coefficients
for six-way ensemble because our method does not require
motion streams. Instead of using low-performance motion
streams, we use only joint and bone streams and apply the
ensemble to all six models with equal contribution. In other
words, our ensemble method does not require any ensem-
ble coefficients that determine how much each stream con-
tributes to the model. Applying our ensemble method, our
HD-GCN outperforms state-of-the-art methods without the
motion streams and manually fixed ensemble coefficients.

| X-Sub (%) X-Set (%) | GFLOPs # Param. (M)

DC-GCN [2] 84.0* 86.1* 2.74 3.45
MS-G3D [7] 84.9* 86.8* 522 322
CTR-GCN [1] 84.9 86.5* 1.97 1.46
InfoGCN [4] 85.1 86.3 1.68 1.57
HD-GCN | 857 873 | 1.60 1.68

Table 2. Comparison of computational and model complex-
ity of the state-of-the-arts. Each experiment is based on NTU-
RGB+D 120 joint stream dataset. x results are implemented based
on the released codes.

Additional Experimental Results. Tab. | shows ev-
ery single experimental result for our six-way ensemble
method. Comparing the results of ours in Tab. 1 and other
models shown in Tab. 2, it shows that our model outper-
forms the others even on single-stream experiments by a
large margin.

3. Architectures for Kinetics-Skeleton

We modify the original graph of Kinetics-Skeleton [5]
to apply our HD-Graph. The original architecture of the
dataset contains 18 nodes, which does not have hip and
belly nodes for CoM, so we manually set those nodes by
using existing nodes. Firstly, we set the CoM hip node,
which is the middle point of left and right hip nodes. In ad-
dition, the belly CoM node is the middle point of chest and
hip nodes. The modified skeleton architecture contains 20
nodes due to the generated CoM hip and belly nodes. The
original and modified versions of the skeleton are shown
in Fig. 3.

(a) Original Architecture (b) Modified Architecture

Figure 3. The original and modified version of the Kinetics-
Skeleton architecture. The red lines and red circles denote newly
generated edges and nodes, respectively.
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