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1. Abstract
[bookmark: _Hlk108605501]This contribution proposes to integrate the duplicated vertices in reference frames for improving motion vector coding for V-DMC. In the contribution m60214 reported the issue of duplicated vertices and proposed to skip the motion vector coding in inter-frames, where two concerns were raised. The first concern to m60214 was that it was better to handle the duplicated vertices in intra-frames where they were generated. The second concern was that the processes in intra-frames should be decoupled from those in inter-frames. This contribution proposes a different approach from m60214, which can solve both concerns of m60214. The main difference from m60214 is that the duplicated vertices were integrated in intra-frames, which reduces the number of vertices in the decoded base mesh. Therefore, the number of motion vectors in inter-frames also decreases, which directly improves the efficiency of motion vector coding. Experimental results show the proposed method reduces maximally 20.55% of MV bits without any degradation of decoded meshes.

2. Problem statements
In the tracked meshes, 1-to-1 mapping exists between the base meshes of the inter-frame and its reference frame [1][2]. A position difference between the mapped vertices in the above two base meshes is represented by a motion vector (MV). In the MV coding, a residual MV is derived from the prediction using the neighboring decoded MVs [1][2].
As reported by m60214 [3], the following two facts make it possible to improve the motion vector coding further in the anchor of V-Mesh Test Model v1 [2].
· Fact #1: there are duplicated vertices in the decoded base meshes of reference frames. Note that there is no duplicated vertex in the decimated base meshes of reference frames. In this contribution, a pair of duplicated vertices (A, A’) is defined as two vertices in a decoded mesh who have the same position but different vertex indexes. Let A be the previous vertex than A’ in the encoding/decoding order. Vertex A is called as an earlier vertex and vertex A’ is called as a later vertex. Table 1 shows the statistics of duplicated vertex pairs in all four sequences with inter-frames. In low bit rates like r1 in levi, there are about 8.86% of duplicated vertices among all vertices. The reason why duplicated vertices exist may come from the base mesh codec Draco that deals with the non-manifold edges in the decimated base meshes.
· Fact #2: the MVs of duplicated vertices A and A’ are exactly same in most of cases as shown in Table 1. In low bit rates like r1 in levi, there are only about 0.15% of duplicated vertices that have different MVs among the earlier vertex and the later vertex. However, the anchor [2] encodes/decodes the MVs of duplicated vertices as those of non-duplicated vertices, which can be improved further. 

[bookmark: _Hlk108604895]Table 1 Statistics on duplicated vertices and different MVs under the provided configures (average values per inter frame). Note that levi_r5 has no inter frame under the provided configures.
	sequence_
bitrate
	average vertex number
	non-duplicated vertices
	pairs of duplicated vertices
	rate of duplicated vertices
	different MVs
	rate of different MVs

	soldier_r1
	654.06
	557.79
	96.26
	14.72%
	0.28
	0.29%

	soldier_r2
	1256.41
	1148.77
	107.63
	8.57%
	0.3
	0.28%

	soldier_r3
	1256.41
	1148.77
	107.63
	8.57%
	0.3
	0.28%

	soldier_r4
	1256.41
	1148.77
	107.63
	8.57%
	0.3
	0.28%

	soldier_r5
	1256.41
	1148.77
	107.63
	8.57%
	0.3
	0.28%

	levi_r1
	648.21
	590.75
	57.46
	8.86%
	0.08
	0.15%

	levi_r2
	2445.58
	2392.15
	53.42
	2.18%
	0.33
	0.62%

	levi_r3
	2445.58
	2392.15
	53.42
	2.18%
	0.33
	0.62%

	levi_r4
	4848.08
	4791.19
	56.88
	1.17%
	0.15
	0.27%

	levi_r5
	-
	-
	-
	-
	-
	-

	mitch_r1
	906.12
	900.03
	6.09
	0.67%
	0.08
	1.37%

	mitch_r2
	906.12
	900.03
	6.09
	0.67%
	0.08
	1.37%

	mitch_r3
	906.12
	900.03
	6.09
	0.67%
	0.08
	1.37%

	mitch_r4
	14962.84
	14955.8
	7.05
	0.05%
	3.53
	50.04%

	mitch_r5
	14962.84
	14955.8
	7.05
	0.05%
	3.53
	50.04%

	thomas_r1
	902.25
	896.98
	5.27
	0.58%
	0.01
	0.10%

	thomas_r2
	902.25
	896.98
	5.27
	0.58%
	0.01
	0.10%

	thomas_r3
	902.25
	896.98
	5.27
	0.58%
	0.01
	0.10%

	thomas_r4
	14981.64
	14979.06
	2.58
	0.02%
	1.39
	54.01%

	thomas_r5
	14981.64
	14979.06
	2.58
	0.02%
	1.39
	54.01%


3. Proposed methods
Base on the above two facts, we propose a method for motion vector coding, with the aim of achieving similar gains as m60214 [3] while solving the concerns to m60214. According to Fact #1, we integrate the k-th pair (Ak, A’k: k=1,…,K) of duplicated vertices into one single vertex Ak (called as integrated vertex) and update the connectivity in the decoded base mesh of reference frame, which solves the first concern to m60214. These operations are conducted in the reference frames and is decoupled from the inter-frames, which solves the second concern.
Because of the integration of duplicated vertices, we further update the 1-to-1 mapping between the inter-frame and its reference frame at the encoder, which reduces the number of MVs. On the other hand, according to Fact #2, there are some integrated vertices that have multiple MVs after integration of duplicated vertices. Therefore, we signal the total number and all indexes of extra MVs that come from those multiple MVs. If an integrated vertex Ak has Nk (Nk>1) MVs, its number and index of extra MVs are (Nk-1) and k, respectively. The total number of extra MVs is . As a result, there are duplicated vertices and non-duplicated vertices in the decoded base mesh before integration. After integration, the integrated vertices may have single MVs (the vast majority) or multiple MVs.

3.1.  Syntax
Table 2 shows the proposed syntax table for inter-frames. Note that there is no syntax change for intra-frames. But we need additional processes in intra-frames.
[bookmark: _Ref108419147]Table 2 Syntax table of the proposed method
	if(vuh_mesh_data_motion_field_present_flag) { // decode MVs of inter-frame
	Descriptor

		multi_MV_Flag
	u(1)

		if( multi_MV_Flag ) {//  Multi-MVs are available
	 

			extra_MV_num
	ue(v)

			for( v=0; v< extra_MV_num; v++ ){
	 

				extra_MV_vertex_index[v]
	ue(v)

			}
	 

			for( v=0; v<vertex_num+extra_MV_num; v++ ){
	 

				if( v ∈extra_MV_vertex_index ) {
	 

					MV[v] =DecodeMV(v)
	 

				}
	 

				MV[v] = DecodeMV(v)
	 

			}
	 

		}
	 

		else {//  Multi-MVs are unavailable
	 

			for( v=0; v<vertex_num; v++ ){ // decode MV for each vertex
	 

				MV[v] = DecodeMV(v)
	 

			}
	 

		}
	 


3.2. Semantics
multi_MV_Flag is defined as the flag to indicate if integrated vertices with multiple MVs are available or not. The value of multi_MV_Flag shall be 0 or 1.
extra_MV_num is defined as the total number of extra MVs in the integrated vertices. The value of extra_MV_num shall be in the range of 1 to 255.
extra_MV_vertex_index is defined as the index of an extra MV. The value of extra_MV_vertex_index shall be in the range of 0 to 255. 

3.3.  Decoding process
Intra-frame process has the following two steps.
Step 1: Search the duplicated vertices. In an intra-frame, the pairs (A, A’) of duplicated vertices are derived from the decoded base mesh, which are stored in a buffer. 
Step 2: Integrate the duplicated vertices. After searching the duplicated vertices, we integrate the pairs (A, A’) of duplicated vertices into one single integrated vertex A in the decoded base mesh of reference frame as shown in Fig. 1. In other words, we remove the later vertex A’ in the pair of duplicated vertices, which results in reduction of MV number in inter-frame. We also need to update all the vertex indexes that are larger than A’ in the connectivity of decoded base mesh although the number of triangles/faces has no change. Note that we can keep the UV coordinates and their indexes. 
[image: ]
Fig. 1 Integrating the duplicated vertices in decoded base mesh.

Inter-frame process is to decode all the MVs and reconstruct vertex positions.
As shown in Table 2, firstly, we check the multi_MV_Flag signal. If multi_MV_Flag=0, all the integrated vertices only have single MVs. If multi_MV_Flag=1, the integrated vertices with multiple MVs are available as shown in Fig. 2. Then, we parse extra_MV_num and extra_MV_vertex_index as Table 2. Then, we decode all the MVs in the same way as the anchor [1]. Finally, we assign a proper vertex index for each MV, update the connectivity, and calculate the position of each vertex in inter-frame. 
[image: ]
Fig. 2 Motion vectors in the integrated base mesh. Vertex A has multiple MVs and vertex B has a single MV.

4. Simulation results
We use the same conditions/configures as the anchor [2]. Because the decoded MVs are exactly same as the anchor and the MV bits are reduced, BD-rate is better than the anchor. The amount of MV bits is, however, very small compared to the total bits, which leads to the total BD-rate gain is very small as shown in attached Excel file.
Here we report the simulation results on motion vector coding. Table 3 shows the motion bit reduction in all the four sequences with inter-frames. Basically, the bit reduction is related to the number of duplicated vertices. Averagely 11.11% of MV bits are reduced without any degradation of decoded meshes in the sequences of levi and soldier. Because the number of duplicated vertices is rather small, i.e., averagely 0.39% in the sequences of mitch and thomas, the motion bit reduction is very small.




[bookmark: _GoBack]
Table 3 Comparison of motion bits between the proposal and the anchor. Note that levi_r5 has no inter frame under the provided configures and the experiments were conducted on Ubuntu 20.04.
	sequence_
bitrate
	total motion bits
	MV bits
	side info
	total motion bits
	saved bits
	bits ratio

	soldier_r1
	756216
	590768
	10056
	600824
	155392
	79.45%

	soldier_r2
	794080
	669448
	7080
	676528
	117552
	85.20%

	soldier_r3
	794080
	669448
	7080
	676528
	117552
	85.20%

	soldier_r4
	794080
	669448
	7080
	676528
	117552
	85.20%

	soldier_r5
	794080
	669448
	7080
	676528
	117552
	85.20%

	levi_r1
	151888
	134520
	976
	135496
	16392
	89.21%

	levi_r2
	551976
	530520
	1408
	531928
	20048
	96.37%

	levi_r3
	551976
	530520
	1408
	531928
	20048
	96.37%

	levi_r4
	723408
	706384
	1072
	707456
	15952
	97.79%

	levi_r5
	-
	-
	-
	-
	-
	-

	mitch_r1
	877584
	863392
	7808
	871200
	6384
	99.27%

	mitch_r2
	877584
	863392
	7808
	871200
	6384
	99.27%

	mitch_r3
	877584
	863392
	7808
	871200
	6384
	99.27%

	mitch_r4
	12030848
	12021968
	13640
	12035608
	-4760
	100.04%

	mitch_r5
	12030848
	12021968
	13640
	12035608
	-4760
	100.04%

	thomas_r1
	672352
	661616
	7728
	669344
	3008
	99.55%

	thomas_r2
	672352
	661616
	7728
	669344
	3008
	99.55%

	thomas_r3
	672352
	661616
	7728
	669344
	3008
	99.55%

	thomas_r4
	10726008
	10722880
	10128
	10733008
	-7000
	100.07%

	thomas_r5
	10726008
	10722880
	10128
	10733008
	-7000
	100.07%



5. Conclusion
This contribution proposed a method for motion vector coding, which obtained less motion bits with the same decoded results as the anchor. It is recommended adopting the proposed method to the future V-DMC specification and reference software.
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