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ABSTRACT OF THE DISSERTATION

Quality Evaluation, Denoising and Inpainting for Point Clouds Compressed by V-PCC

by

Keming Cao

Doctor of Philosophy in Electrical Engineering
(Signal and Image Processing)

University of California San Diego, 2021

Professor Pamela C. Cosman, Chair

Augmented reality (AR), virtual reality (VR) and immersive video, as emerging types

of multimedia, have recently gained more and more attention. With the development of devices

that can capture 3D content and a rapid increase of related applications, the delivery and storage

of 3D content have become an important research area. MPEG hosted a Call for Proposals to

collect ideas to efficiently compress 3D content in three categories: static point clouds, dynamic

point cloud sequences and dynamic acquisition. Among the proposals, Video-based Point Cloud

Compression (V-PCC) achieves the highest quality for the second category, dynamic point cloud

sequences, under a bit rate constraint.
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However, the V-PCC framework is not spatially scalable. In this research, interpolation

components are proposed for the V-PCC framework to make it suitable for flexible spatial

resolution. As outliers might be brought in by the interpolation, a patch-aware averaging filter is

applied to eliminate most outliers. Experimental results show that the interpolation component

performs well both on objective evaluation and subjective visual quality.

Point cloud and mesh are the two main representations for 3D content. While compression

methods for them are actively studied, there are few studies of their perceptual compression quality

and none that consider observation distance. We studied the perceptual quality of compressed 3D

sequences, for both a point cloud compression method (V-PCC) and a mesh-based compression

method (Triangle FAN (TFAN)). Two main factors that could impact perceptual quality are

considered, bit rate and observation distance. Evaluation of perceptual quality is carried out

both by collecting viewer opinion scores of the compressed sequences separately, and with a

side-by-side comparison. A functional model for mesh and point cloud compression quality is

estimated to predict Mean Opinion Score (MOS) which yields high Pearson correlation and rank

correlation scores with measured MOS.

Although V-PCC achieves the highest quality among methods proposed to MPEG, outliers

and various other artifacts can degrade the V-PCC quality especially when high quantization

parameter (QP) is set. After examining the causes and types of V-PCC artifacts that occur, we

propose a framework to remove the highly noticeable outlier and crack artifacts caused by V-PCC

so as to improve compressed point cloud visual quality. A subjective experiment showed that our

approach significantly improves visual quality, and the improvement becomes more obvious with

increasing QP values.
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Chapter 1

Introduction

Immersive video, as one rapidly growing multimedia form in daily life, is an important

future direction of interaction with content and the real world, due to the richer experience

it provides compared to traditional 2D media content, including innovative navigation and

interactive functionalities [1,2]. In immersive video, viewers can see details without constraint on

the viewpoint, since immersion is guaranteed through 6 degrees of freedom. The advantages of

immersive video lead to multimedia applications in many areas, such as teleconferencing [3, 4],

sports [5], and education [6]. As shown in Fig. 1.1, taken from [7] and [8], a person could sit on

their couch at home but feel like they are in a real stadium while watching sports games streamed

in 3D. Students in medical school could practice surgery with the help of a realistic 3D model.

Many representation formats have been proposed to represent 3D models. Parametric

surfaces are one way in which a surface in 3D is defined by a parametric equation with two

parameters. Constructive solid geometry divides a 3D model into a few primitive shapes, such as

cubes, tubes and cones, and uses a combination of primitive shapes to represent a 3D model. A

mesh represents 3D content with faces (represented by edges and vertices) that define the shape,

and texture information that defines the color across the surface of each face. Point clouds, as

another representation format, have become more and more popular. Point clouds represent 3D

1



Figure 1.1: Example applications for 3D content: Sports viewing and medical education

content with a collection of points in 3D space; each point is associated with attributes such as

color information. Because a point cloud is an unordered set of points, it is easy to concatenate

different point clouds together without considering the topology issues that arise with meshes.

The voxel representation, as a special case of a point cloud, has a similar concept to pixels in 2D

space. In this representation, the whole 3D space is divided into small cubes, called voxels, with

integer indexes as their coordinates.

The development of depth sensors, such as Kinect from Microsoft and RealSense from

Intel, has contributed to the acquisition of high quality 3D information, which leads to an increase

of 3D data processing applications. Also, research into autonomous vehicles has boosted the

requirement to process 3D information to understand the surrounding world. However, along

with the advantages over traditional 2D video, huge amounts of 3D data lead to storage problems

and the need for compression.

1.1 Point Cloud Compression

The compression of point clouds (PCs), one of the main representation formats for 3D

data, has been studied for a long time. For PC compression, since the points are not connected as

they are in a mesh, the spatial organization of points should be built so as to encode the points

2



efficiently. Octrees were applied in [9, 10] to progressively compress PCs. Octrees partition

three dimensional space by dividing it into octants recursively like a tree structure with eight

children nodes for each parent node. In [11], octrees and graph-based transforms are combined to

compress geometry information in static PCs. Hierarchical clustering of points can generate the

Level of Detail (LoD) in [12], which describes different levels of complexity for a PC, and the

LoD is progressively compressed. A hierarchical sub-band transform that resembles an adaptive

variation of a Haar wavelet is applied in [13] for PC color compression. A motion-compensated

approach to encoding dynamic PC sequences is proposed in [14]. An encoding scheme for

building a 3D model is based on a set of low-frequency spherical harmonic basis functions in [15]

and PC sequences are encoded with a motion compensation strategy in [16].

MPEG hosted a call for proposals [17] and picked out three methods [18] as winners for

three different categories: static models, dynamic sequences and dynamic acquisition. Test Model

Category 2 (TMC2), which was later renamed as V-PCC, from Apple Inc. [19] achieves the best

subjective and objective quality under given target bit rates for the dynamic sequence category.

Its core idea is to project points, both their geometry coordinates and attributes, to 2D and convert

the 3D sequence to a 2D sequence. Then any existing video codec, such as FFmpeg or HM (Test

Model for HEVC) could be used to compress the 2D sequence.

The encoding process and decoding process of V-PCC are shown in Fig. 1.2 and Fig. 1.4.

Here, the color information assigned for each point, called texture information, represents an

attribute of the point. Any other kind of attribute could be processed in the same way. The

framework of the encoder is divided into three parts: segmentation, packing and compression.

1.1.1 Segmentation

Given an input frame of a point cloud, before segmenting the points, V-PCC generates

the normal direction for each point based on the underlying surface. Then, according to normal

direction clusters, segmentation is applied to divide the point cloud into patches. The total number
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Figure 1.2: Compression framework: Encoder

of patches is constrained within 256. Fig. 1.3 from [19] shows an example.

Figure 1.3: (a) Original point cloud. (b) Segmentation result with different colors
representing different patches. (c) Examples for texture image, geometry image and
occupancy map.

For each patch ~pi, i ∈ {1, 2, ..., N} where N is the number of patches, one of 6 main

directions (±~x, ±~y, ±~z) is assigned as the principal direction based on the main clustered normal

direction.
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1.1.2 Packing

After segmentation, projection is performed to convert each 3D patch into a 2D patch. For

each point ~v in the 3D patch ~pi, the coordinate of ~v which corresponds to the principal direction

of this point is projected onto the 2D patch pgeometryi , while the color information is projected

onto ptexturei . The projection direction is determined by the principal direction of this 3D patch.

The same location of a pixel in pgeometryi and ptexturei denotes the same 3D point. After projection,

packing fits all 2D texture patches into an image Itexture, and all geometry patches into an image

Igeometry with the same pre-fixed size lx by ly. Packing images from all 3D frames will form two

2D video sequences, one for geometry and the other for texture. Geometry and texture sequences

are in YUV format but only the Y channel is occupied for the geometry sequence because for 3D

point (x, y, z), z is stored in Y channel at pixel position (x, y).

Apart from geometry and texture, occupancy maps are also generated for each frame

where 0 denotes not occupied and 1 denotes occupied. Fig. 1.3 (c) shows image examples for

texture, geometry and occupancy map.

1.1.3 Compression and Decompression

Geometry and texture sequences could be encoded with any 2D video codec, such as

ffmpeg or HM. Occupancy maps could also be encoded with a 2D video codec or with arithmetic

coding. Combining the compressed geometry sequence, texture sequence and occupancy maps,

together with patch information which will help to reconstruct the 3D patch at the decoder, we get

the final compressed bit stream. The decoder shown in Fig. 1.4 is a reversed encoder. First, the

bit stream is separated into the geometry, texture, occupancy map and patch information. Then,

we decode the geometry and texture bit streams, and project 2D patches back to 3D according to

patch information and occupancy maps to reconstruct the PC frame.

In the V-PCC framework, after the resolution of the 2D sequence is fixed as an initial pa-
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rameter, any scale-up or scale-down of the 2D sequence will create outlier points when projected

back to 3D space. As will be discussed in Chapter 2, to add spatial scalability to V-PCC, this

research proposed to add a patch-aware averaging filter to remove outliers [20].

Figure 1.4: Compression framework: Decoder

1.2 Dissertation Overview

The remainder of this dissertation is organized as follows. In Chapter 2, we discuss adding

a spatial scaling module to the V-PCC framework to make it spatially scalable and to improve

compression flexibility. After adding the scaling module, some outlier points ten to be created in

the reconstructed PC. A patch-aware averaging filter is proposed to remove most outlier points

caused by scaling. The performance of different kinds of filters is evaluated. The averaging filter

generates slightly lower Mean Squared Error (MSE) than the median filter and a weighted filter.

The experimental results on 2D PSNR and 3D MSE show that our method performs well both

on objective evaluation and on subjective visual quality. Different combinations of interpolation

methods for scaling are also evaluated. Among the four different interpolation choices, nearest

neighbor interpolation at both the encoder side and decoder side achieves the best performance in

terms of MSE.
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In Chapter 3, we compare the quality of compressed PCs and compressed meshes under

the same bit rate constraints. We apply the most popular compression methods for PCs and

meshes on the same 3D content but with different representation formats. A subjective study

is carried out where subjects evaluate the quality of 2D videos rendered from compressed 3D

content under different bit rates and observation distances. From the experimental result, we

conclude that PC compression is better for low bit rates, whereas mesh compression is preferred

when the observation distance is close and the bit rate is not low. When the bit rate is high, there

is little difference between the two representations. Based on the collected opinion scores, two

models to estimate subjective scores for PC compression and mesh compression separately are

proposed which fit the experimental data well under cross-validation. The models can be used to

choose a better representation for compression based on observation distance and target bit rate.

In Chapter 4, we consider how to eliminate the outliers and cracks that are created by

V-PCC especially when a high QP value is applied. The causes for outliers and cracks are

examined specifically for V-PCC to locate the regions where outliers and cracks tend to occur. A

surface-fitting-based method is proposed to remove outliers and fill cracks. A loop structure can

fill large cracks gradually. We conducted a subjective test to evaluate our proposed method; the

results show that our artifact removal algorithm provides significant visual quality improvement

for PCs reconstructed after V-PCC compression. The artifact removal process tends to achieve

more obvious improvement of visual quality with increasing QP. The improvements were more

modest but still significant for cases where complex texture or fast object motion could mask the

noise, and the improvements were strongest for cases where smooth texture (such as human skin),

slow motion, and simple shapes made the artifacts more obvious.

In Chapter 5, conclusions are drawn and directions for future work are discussed.
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Chapter 2

Scalability for V-PCC and Patch-aware

Averaging Filter

V-PCC brings high efficiency for storage of PC sequences. However, the framework of

V-PCC lacks flexibility. After projecting 3D points onto 2D images to form an image sequence,

the size of the image is fixed all through the compression. A scaling module which could control

the size of the image should provide more flexibility, making V-PCC suitable for scalability. One

reason for the fixed size might be that any scale-up or scale-down of the 2D sequence tends to

create outlier points when projected back to 3D space.

In this chapter, we add interpolation modules which makes V-PCC suitable for flexible

resolution. A patch-aware averaging filter is proposed to eliminate the outlier points which result

from scaling-down and scaling-up. For the scaling module, different interpolation methods are

discussed and evaluated, and different filters are compared.

This chapter is structured as follows. Sec. 2.1 introduces the details of our proposed

method. Sec. 2.2 shows experimental results and conclusions are in Sec. 2.3.
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2.1 Proposed scaling method

In the original V-PCC framework, the image size, lx by ly, is fixed all through the

compression, which leads to less flexibility when compressing the dynamic sequence, especially

when the target bit rate is constrained to be quite low. Although the geometry and texture

sequences could be scaled down at at encoder side and be scaled up at decoder side, interpolation

for scaling tends to bring in noise at the edges of patches, especially for the geometry sequence.

An example of noise in the geometry image after scaling is shown in Fig. 2.1. The video content

of the geometry sequence is not like normal 2D videos, which have strong spatial correlation,

because the geometry images are packed from different patches with different depths. It is also

different from the content of the texture sequence because the noise of the color information is

not that obvious compared to geometry noise.

Figure 2.1: Scaling noise is the middle strip in the right image

Geometry noise can easily turn into a large outlier when back-projected to 3D space. In

Fig. 2.2, we show an example of those outliers. Fig. 2.2(a) shows the original uncompressed PC.

With compression and no scaling in V-PCC, the reconstructed PC looks good as shown in (b).

However, if a scaling module is added without any other processing, the compressed PC suffers

from outliers, shown circled in Fig. 2.2(c). So our proposed method aims to process the geometry

image so as to reduce the outliers.

Three kinds of pixels are defined for a 2D patch: edge1 pixels, edge2 pixels and interior

pixels. Edge1 pixels have distance 1 to the outside of a patch while edge2 pixels have distance
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Figure 2.2: (a) Original uncompressed point cloud. (b) Compressed point cloud with
no scaling. (c) Compressed point cloud with scaling. Outliers are circled.

Figure 2.3: Examples for edge1 pixels (red), edge2 pixels (green) and interior pixels
(gray) of a 2D patch. For pixels A, B, and C, the patch-aware averaging filter uses their
numbered neighbors shown in green.
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2 to the outside. Here the distance measure uses chessboard distance, in which a diagonal step

counts the same as a vertical or horizontal step. The remaining pixels of a patch are called interior

pixels. Examples are shown in Fig. 2.3. Three sets are formed from pixels in the 2D geometry

patch pgeometryi . Set Sin1 has all edge1 pixels in patch pgeometryi , set Sin2 has all edge2 pixels, and

all interior pixels go to set Sib. Pixel values in set Sin1 are modified by a patch-aware averaging

filter:

I ′up(x, y) =


1

M

∑
m∈Q

Iup(xm, ym), Q 6= ∅

Iup(x, y), Q = ∅

(2.1)

where Q is the set of points that belong to set Sin2 and have chessboard distance 1 to (x, y) and

M is the size of Q. As shown in Fig. 2.3, the filtered value for pixel A is the average of pixels 1,

2, 3 and 4, for pixel B it is pixel 5, and it is the average of pixels 6, 7, 8 for pixel C.

Here, an averaging filter is chosen for simplicity. Other simple filters could also be applied,

such as a median filter or weighted filter. Different filters are evaluated in Sec. 2.2.

A down-scale module is added to the encoder side of V-PCC, while an up-scale module

and patch-aware filter are added to the decoder side. After inserting our proposed modules,

the flowcharts of encoder and decoder are shown in Fig. 2.4 and Fig. 2.5 with added modules

highlighted with light red. Here, the down-scale module is a normal scaling component for any

interpolation method, Idown = Scale(I, 1/r,method), where I is the input image, r ≥ 1 is the

scale factor and Idown is the down-scaled image I . The up-scale module is a normal scaling

component for any interpolation method, Iup = Scale(Idown, r,method), and the size of Iup is

equal to that of I . Two interpolation methods are evaluated in Sec. 2.2.
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Figure 2.4: Flowchart of encoder after inserting down-scale module

Figure 2.5: Flowchart of decoder after inserting up-scale and filter module
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2.2 Experiment

2.2.1 Dataset

We use four 3D dynamic sequences from Owlii Inc. as our dataset: basketball, dancer,

model and exercise. In Fig. 2.6, we show example frames to illustrate sequence content. Exercise

contains a man wearing solid-color clothing; he does exercises slowly, with a large movement

range. In Dancer, a man in solid-color clothing does an urban dance with fast movement and

large movement range. The Model sequence shows a woman wearing a patterned dress with a

swirly skirt; this sequence contains more complex texture than the others. Lastly, Basketball

involves two objects, a basketball and a man; he plays with the basketball with a moderate motion

speed. Both the ball and the man’s shirt have some color variation. We use those sequences in PC

format and each sequence has 300 frames with around 2.5 million points per frame with range

1024 for x, y and z directions.

2.2.2 Evaluation Metrics

We use both 2D and 3D evaluation for validation. For 2D, we use the PSNR of the occupied

pixels denoted in the occupancy map as our evaluation metric. To evaluate the performance of

the patch-aware averaging filter, as shown in Fig. 2.7, PSNR(A,B) does not include the filter

and PSNR(A,C) includes the filter. The comparison between PSNR(A,B) and PSNR(A,C)

shows the performance of the proposed filter.

MSE rather than PSNR is chosen for 3D because it is hard to define a fixed maximum

possible value for different 3D sequences. Given input reference point cloud A and processed

point cloud B, first we determine an error vector ~eAB(i, j) from point pi in A to the closest

point pj in B. Then we compute MSEAB = 1
NA

∑
pi∈A |~eAB(i, j)|2 where NA is the number of

points in A. The error vector from B to A, ~eBA(j, i), is generated in a similar way which leads

to MSEBA = 1
NB

∑
pj∈B |~eBA(j, i)|2 where NB is the total number of points in B. The final
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Figure 2.6: Example frames from sequences. From top to bottom, the sequences are
Exercise, Dancer, Model and Basketball.
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Figure 2.7: PSNR for 2D evaluation

MSE is MSE(A,B) = max(MSEAB,MSEBA). In Fig. 2.8, MSE(A,C) includes the filter and

MSE(A,B) does not.

Figure 2.8: MSE for 3D evaluation

2.2.3 Evaluation

For each test sequence, we randomly pick three frames to evaluate with both the 2D metric

and 3D metric. Six scale factors, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, are chosen with four different

choices for interpolation:

NN2NN: Nearest neighbor scaling at the encoder and decoder.

NN2B: Nearest neighbor scaling at the encoder and bicubic scaling at the decoder.

B2NN: Bicubic scaling at the encoder and nearest neighbor scaling at the decoder.

B2B: Bicubic scaling at the encoder and decoder.

First, we want to show that the scaling module has advantages at low bit rates. Fig. 2.9

plots 20log10(MSE) vs. the number of bits after compression using the Dancer sequence and
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NN2NN. Curves of different colors denote different scale factors. The blue curve corresponds to

no scaling. When the bit rate is low, scaling reduces MSE and allows achieving lower bit rates.

Figure 2.9: MSE vs. Number of bits for different scale factors

Then, the patch-aware averaging filter is evaluated. For 2D PSNR, we have PSNR1 =

PSNR(I, Iup) and PSNR2 = PSNR(I, I ′up), where I is the original image, Iup is the image after

both scaling down and scaling up, and I ′up is Iup processed with the patch-aware averaging filter.

Table 2.1 shows ∆PSNR = PSNR2 − PSNR1 with different interpolation choices. We see that

for almost every scale factor and every sequence, the patch-aware averaging filter produces a

quality improvement.

For 3D MSE, we evaluate the method in a similar way. MSE1 is computed between

the input PC and output PC from compression and decompression without the patch-aware

averaging filter. MSE2 uses the output PC after the patch-aware averaging filter. Five quantization

parameters (QPs) are chosen: 0, 10, 20, 30 and 40. The scale factors are the same as for the PSNR

evaluation. Then ∆MSE = MSE2 −MSE1. In Fig. 2.10, ∆MSE vs. QP curves are plotted for
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different interpolation choices and different r. Only plots for Dancer are shown here. Almost all

curves are below the x axis which means the patch-aware averaging filter produces a lower MSE.

Table 2.1: ∆PSNR

Factors 1.25 1.5 1.75 2.0 2.25 2.5
NN2NN:

dancer 5.463 5.235 7.230 -0.008 7.334 7.183
basketball 4.659 6.800 7.802 0.012 7.415 8.166

model 5.299 5.600 7.017 -0.131 6.455 7.610
exercise 6.419 6.389 7.838 -0.198 8.119 8.149
NN2B:
dancer 7.991 8.200 7.587 4.194 5.474 4.576

basketball 8.417 9.006 8.281 4.928 5.819 4.663
model 8.225 8.238 7.293 4.497 5.109 4.663

exercise 9.684 9.256 8.287 5.304 5.721 5.000
B2NN:
dancer 6.817 6.161 6.690 0.042 5.253 4.693

basketball 7.482 7.534 7.625 0.070 5.137 4.732
model 6.485 6.403 6.893 -0.094 4.388 4.932

exercise 7.343 7.191 8.021 -0.065 5.600 5.306
B2B:

dancer 6.924 7.647 7.506 7.366 5.720 4.704
basketball 7.572 8.403 8.080 8.363 6.135 4.912

model 6.687 7.449 7.161 7.301 5.402 4.755
exercise 7.581 8.455 8.194 8.485 5.801 5.245

Three filter types, patch-aware averaging filter (A), patch-aware median filter (M) and

patch-aware weighted filter (W) of 3× 3 Gaussian kernel, with two interpolation choices NN2NN

and NN2B are compared. A−M is the difference of MSE between A and M and other notations

use similar definitions. The curves for different QPs and r are shown in Fig. 2.11 for Dancer. In

the plots, all three filter types have similar performance because the ∆MSE are all within 0.01

and the averaging filter is slightly better than the other two especially for QP ≥ 20. When QP ≤

20 and r ≤ 2.0 for NN2B, the yellow curves are above x axis which means median filtering is a

little better than averaging filtering.

To choose which interpolation can generate the best quality, the following evaluation

method is applied. For each sequence and interpolation method, mseQP,1 is first subtracted from

the MSE value mseQP,r corresponding to different scale factors for the same QP. The resulting
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Figure 2.10: ∆MSE vs. QP for different scale factors of sequence Dancer

Figure 2.11: ∆MSE vs. QP for different scale factors of sequence Dancer for filter
comparisons
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values are normalized to [0, 1] across all interpolation methods. Lining up normalized values

for all QPs and all factors, we calculate the mean value for four interpolation choices shown in

Table 2.2. A lower mean value denotes better MSE. We notice that the mean value for NN2NN is

the lowest among the four choices for every sequence, so NN2NN is the best combination among

the four interpolation choices.

Table 2.2: MEANMSE

Interpolation NN2NN NN2B B2NN B2B
dancer 0.170 0.343 0.736 0.593

basketball 0.260 0.390 0.747 0.516
model 0.266 0.321 0.751 0.484

exercise 0.227 0.474 0.742 0.564

To explore why NN2NN has the best performance among the four interpolation config-

urations, we create a synthesized PC which contains a cube rotating along one axis as shown

in Fig. 2.12. The PSNR after patch-aware averaging filtering vs. rotation angle for scale factor

1.25 is plotted in Fig. 2.13. With the increase of angle, the PSNR decreases for all interpolation

methods and then increases again. Then we analyze the error pixel distribution. An edge1 error

pixel is defined as an edge1 pixel which has nonzero error in Ierr = abs(Ig − Iout). Definitions

of edge2 error pixels and face error pixels are similar. For edge2 pixels, NN interpolation only

considers the nearest pixel, so NN2NN has the smallest number of edge2 error pixels. For edge1

pixels, although NN interpolation may generate large edge1 errors, those errors could be fixed by

filtering. For face errors, when the rotation angle is 40◦ and 50◦, NN interpolation produces more

face error pixels compared with Bicubic (B), because those rotation angles have large intersection

angles with the main projected direction and B will generate a more smooth surface under those

cases. However, there are few patches with those intersection angles. Hence, NN performs better

in general.

To review our proposed filter from another aspect, for each category, the number of error

pixels, their total and average absolute error are shown in the first row of Fig. 2.14. Although

edge1 total error is lower than face total error, for average error per pixel, edge1 error pixels rank
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Figure 2.12: Example from cube sequence

Figure 2.13: PSNR for cube rotation sequence
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the highest among the three categories. After filtering, the corresponding plots are shown in the

second row of Fig. 2.14. The average error for edge1 error pixels is greatly reduced.

Figure 2.14: Statistics for different categories for sequence Dancer. The first row does
not use the proposed filter and the second row uses it. The scale factor is 1.25.

For visual quality, Fig. 2.15 shows examples without and with the patch-aware averaging

filter. Our filter eliminates the outliers and greatly improves visual quality.

2.3 Conclusion

In this chapter, we add scaling modules to the original V-PCC framework to improve

compression flexibility. A patch-aware averaging filter is proposed to remove most outlier points

caused by scaling. The averaging filter generates slightly lower MSE than the median filter and

a weighted filter. The experimental results on 2D PSNR and 3D MSE show that our method

performs well both on objective evaluation and on subjective visual quality. Among the four
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Figure 2.15: The first row shows images without filtering and the second row is with
filtering.

different interpolation choices, NN2NN achieves the best performance in terms of MSE.

Chapter 2, in part, is a reprint of the material as it appears in the paper: K. Cao, Y. Xu and

P. Cosman, “Patch-aware Averaging Filter For Scaling in Point Cloud Compression,” in 2018

IEEE Global Conference on Signal and Information Processing (GlobalSIP), IEEE, 2018. The

dissertation author was the primary investigator and author of this paper.
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Chapter 3

Visual Quality of Compressed Mesh and

Point Cloud Sequences

Subjective and objective measures of quality around the two main representation formats

for 3D content, point cloud and mesh, has not been researched deeply, especially for quality

after compression. Difficulties arise from the lack of promising objective metrics. There are few

objective metrics that work on both mesh and PC representations, and most current objective

metrics are poorly correlated with human perception [21–26]. Most current work on quality

evaluation focuses on geometry distortion and ignores texture distortion, however, the overall

visual quality is affected by both. Subjective experiments under varying conditions, as well as

objective metrics correlated with perception, are needed.

In this chapter, the contributions are:

• We compare PC sequence compression and mesh sequence compression which allows us

to determine which representation is preferred depending on factors of sequence content,

bit rate and observation distance. We use the evaluation method in [17] from MPEG, in

which a virtual viewing trajectory is chosen and the 3D sequence is rendered into 2D for

subjective viewing.
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• A model of subjective rating estimation is proposed which consists of two parts, bit rate

quality factor (BQF) assessing the quality of compression based on bit rate, and observation

distance correction factor (ODCF) making a correction over BQF with observation distance.

Our model fits well with subjective ratings.

This chapter is structured as follows. Sec. 3.1 introduces prior work on compression

and quality evaluation of meshes and point clouds. Sec. 3.2 describes the subjective experiment.

Experimental results and the estimation model are in Sec. 3.3. Sec. 3.4 provides compression

suggestions based on the subjective test results, and conclusions are in Sec. 3.5.

3.1 Related Work

3.1.1 3D Mesh Compression

PC compression has been described in detail in Chapter 1. For mesh compression,

triangle fan-based compression (TFAN) [27] enumerates triangle connection cases to encode the

connection information of a mesh so as to improve compression efficiency. We choose TFAN

as our mesh compression method because MPEG adopted TFAN in their mesh coder. Google’s

open-source compression tool, Draco, is based on the corner-table method [28] and achieves

real-time compression and decompression. Similar connectivity pattern information is used to

improve encoding efficiency for mesh compression in [29]. The whole mesh is divided into a

few sub-meshes and compressed with a graph Fourier transform in [30] which approximates the

connectivity of a sub-mesh with a sparse matrix.

3.1.2 3D Content Quality Assessment

Subjective quality evaluation and computable quality evaluation of 3D representations

are both active research topics. Subjective quality for 3D content is much less well studied than
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for 2D video. Prior work on subjective evaluation and objective metrics for PCs are summarized

in [31]. Most recent work focused on evaluating subjective quality or Quality of Experience

(QoE) for static 3D objects, including comparison with computable metrics. In [17], MPEG

adopted a subjective experiment approach to evaluate the quality of compressed PCs, in addition

to the conventional point-to-point and point-to-plane metrics. The impact of different noise levels

on QoE of PCs was studied in [32]. Augmented reality head-mounted displays were used in

subjective evaluation of PCs in [33]. In [34], different subjective methodologies were studied,

such as Absolute Category Rating (ACR) and Double Stimulus Impairment Scale (DSIS). The

authors concluded that they performed similarly for PC subjective experiments involving the

quality of compression-like distortions. In [23], 20 subjects subjectively scored PC compressed

videos from 1 (Bad) to 5 (Excellent), however, this research only considered different encoding

configurations without comparing compression bit rates. Also, subjects were allowed to observe

the sequence with free viewpoint which might lead to a variety of results since people may focus

on different local details. The impact of different reduction methods for PCs on the QoE of

rendered images was investigated in [35].

There is less research on subjective quality of 3D sequences. A subjective experiment

on V-PCC compression for two PC sequences was carried out in [36]; the authors found that

perceptual quality was more affected by texture distortion than geometry distortion. The impact

of different rendering configurations on QoE in VR-based training was studied in [37]. Better

immersion and faster interaction with 3D content was found to affect subjective quality in [38].

QoE of adaptive PC streaming was investigated in [39] with different network configurations.

One prior work compared the visual quality of mesh and PC representations. In [40],

a comparison between colored mesh and PC compression concluded that mesh compression

generates better visual quality at high bit rates while PC compression is better at low bit rates. Our

work differs from [40] in that we consider multiple observation distances, and our compression

pipelines allow PC scaling and mesh simplification, which can change the visual tradeoffs. In
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addition, we include a model for estimating quality ratings based on bit rate and observation

distance.

Computable quality metrics for 2D and 3D sequences can be categorized as Full-Reference

(FR) metrics, which have access to the original sequence as well as the distorted one, Reduced-

Reference (RR) metrics, which have access to the distorted sequence and to some key parameters

extracted from the original sequence, and No-Reference (NR) metrics [41], which do not have

access to the original reference sequence. NR metrics have been further subdivided into pixel-

based (NR-P) metrics which use the distorted sequence to evaluate quality, and bit-stream-based

(NR-B) quality predictors which do not make use of the distorted sequence directly, but rather use

basic bit stream parameters such as the bit rate and packet loss rate to predict quality. Because of

different properties of mesh and PC representations, different metrics are applied. A survey of

perceptually-based computable metrics for visual impairment of 3D objects appears in [42].

Among FR metrics of mesh quality, root mean square error (RMS) and Hausdorff distance

(HD) were adopted as straightforward metrics, but they were found to be poorly correlated with

human perception [21, 22]. Curvature was computed on different scales of a distorted mesh

and its reference in [21], based on which a correspondence was found to generate a mapping

between meshes. Then, inspired by the work of [43], a structural similarity index on 3D, named

Mesh Structural Distortion Measure (MSDM) was implemented on all scales. A final score was

computed as a weighted combination considering all scales. Similarly, based on curvature, [44]

took visual masking and saturation effects into consideration to correct scores directly from

curvature. Quality for watermarked meshes was explored in [45] by measuring the difference

of surface roughness between watermarked and original meshes. Measuring distance between

curvature tensors of two triangle meshes under comparison was proposed in [46]. A RR method

was developed in [47] that considered distributions of extracted parameters from dihedral angles

of distorted and reference meshes. The Kullback-Leibler divergence between the distributions

was calculated as a perceptual distance. In [48], a local roughness measure was derived from
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Gaussian curvature. A NR method proposed in [49] fed distributions of dihedral angles into

a trained support vector regression to predict quality scores. With the development of neural

networks, [50] took mean curvature as input to a regression neural network to predict a quality

score without a reference mesh. All of this prior work focused on meshes without color.

For computable metrics of compressed PCs, similar to [21, 22], simple point-to-point

and point-to-plane FR objective metrics, such as RMS and HD, showed no correlation with

perceptual quality [23–26]. The conclusion that point-to-point and point-to-plane metrics are

limited in predicting subjective quality ratings especially for V-PCC was also verified in [51, 52].

In [26], point-to-point and point-to-plane metrics were studied for a PC de-noising algorithm;

they concluded that the point-to-plane metric is more correlated with perceptual quality than is a

point-to-point metric for a PC with no noise. In [53], the normal vectors used for the point-to-

plane metric were averaged within a small local region to avoid the error of estimated normal

from geometric distortions. In [54], a plane-to-plane FR metric measured angular similarity

through the intersection angle of normal vectors between two corresponding points. While the

aforementioned work also focused only on geometric distortion, two studies considered color

attributes as well [55, 56]. In [55], the authors rendered a 3D point cloud onto a 2D plane, then

applied traditional FR image quality metrics to measure the 2D image quality as input to their

prediction model for perceptual quality of the 3D PC. Different objective metrics were proposed

in [56] based on geometry, normal vectors, curvature and color separately, and the color-based

metric was found to best match perceptual quality.

The current work differs from this prior work in several ways. We provide a comparison

of PC and mesh compression across many different bit rates and across three different observation

distances, in order to explore the effects that both rate and observation distance have on perceived

quality. Unlike most prior work, we consider 3D content with color. We include the possibility of

reducing the number of triangles or number of points. Lastly, we develop a simple NR quality

predictor which can predict subjective quality scores for both mesh and PC compression as
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functions of bit rate and observation distance. A list of terms and symbols used in this chapter is

provided in Table 3.1.

Table 3.1: Definitions of Terms and Symbols

Terms & Symbols Definitions
Mesh Compression:
Nt Number of triangles per frame
L Atlas image size after scaling
q Quantization parameters for atlas image sequences
β Quantization step size for vertex coordinates
γ Quantization step size for vertex-atlas mapping
PC Compression:
s Down-scaling factor for PC sequence
lx, ly Size of projected image
QPgeometry Quantization parameter for geometry
QPtexture Quantization parameter for texture
MOS Estimation Model:
r Bit rate
rmax Maximum bit rate (25Mbps in our case)
d Observation distance
BQF Bitrate Quality Factor, defines general trend of quality when bitrate

changes
ODCF Observation Distance Correction Factor, equals ratio of quality score

at distance d to quality score at maximum observation distance, for
a given bitrate

w Parameter that controls BQF
slope() Slope function of ODCF
b() Intercept function of ODCF
m, p, t Parameters of slope function
ρ Pearson Correlation
MSE Mean Squared Error for fitting evaluation
Choice of Number of Triangles and Scale Factor:
k, a, c Parameters involved in number of triangles and scale factor recom-

mendation
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3.2 Subjective Experiment

Here we design a subjective test to compare the quality under compression of PC and

mesh representations of 3D content.

3.2.1 Test Sequences

We use the same four 3D dynamic sequences as in Chapter 2: Basketball, Dancer, Model

and Exercise; their content and properties are described in Chapter 2.

Fig. 3.1(a) shows the camera setup for data acquisition, consisting of 75 stationary cameras,

of which 25 are color and 50 infrared. Fig. 3.1(b) shows the data acquisition pipeline. The whole

pipeline is similar to [57]. The 50 infrared cameras lead to 25 depth images which are aligned

with the 25 color images for each frame in the ’Generating Correspondence’ module. Those 25

image pairs for each frame constitute the raw data of each sequence.

For the mesh version of each sequence, starting from the raw data, all image pairs are fed

into a foreground segmentation algorithm. The foreground segmentation algorithm is adopted

from [57]; it considers a confidence map for an RGB image, IR image and Shape from Silhouette

jointly in order to generate a good segmentation. After foreground segmentation, a triangle mesh

is reconstructed with a given rough number of triangles. Because the captured content is dynamic,

a mesh tracking method, non-rigid Iterative Closest Point [58], is applied to ensure topology

consistency in each group of frames. The reconstructed mesh has vertices with coordinates

ranging from 0 to 2048. At the last step, a texture atlas image, containing the color information of

size 2048 × 2048, is generated.

For the PC version of each sequence, we first generate a mesh with 100k triangles per

frame as the source mesh. The number of triangles is high enough to ensure good quality. Then,

we sample across the mesh surface with an interval of 0.5 which leads to a source PC with

approximately 2.5 million points per frame.
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Figure 3.1: (a) Camera setup to capture 3D dynamic sequences. (b) Pipeline of data
acquisition process

3.2.2 Sequence Preparation

Each test sequence is encoded at five target bit rates: 3Mbps, 6Mbps, 9Mbps, 15Mbps, and

25Mbps. Those target bit rates are chosen to cover a large range which will satisfy many potential

applications. We render the 3D content as depicted in Fig. 3.2. Using OpenGL in a Linux OS,

we obtain rendered 2D images of the 3D sequences out of which we generate video sequences

that are shown to subjects. The observation distance, which is the distance between the sequence

centroid and the virtual rendering camera, takes the values 1.5m (close), 3.0m (middle) and 5.0m

(far) where m represents meters. The observation distances chosen represent a significant range

of possible observation distances. Observing at 1.5m or closer generally does not allow the whole

body to be seen, while observing at 5m or farther means the body appears rather small. By

projecting each point or face to the image plane, OpenGL simulates what the 3D content will

look like from a camera positioned at the specified observation distance from the center of the

object. The virtual viewing trajectory makes a full 360 degree turn around the main figure, while

making a small variation in height (somewhat higher and lower than the midpoint). The average

distance between the virtual rendering camera and the figure is roughly the observation distance

(actual distance could be a little closer or further, less than 5% difference). These virtual viewing
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trajectories are chosen to present a large set of angles and details to be examined by the subjects.

During the rendering process, the size of rendered videos is fixed to 2048× 2048.

Figure 3.2: Illustration of virtual viewing trajectory and rendering process

The observation distance is defined as the distance between the sequence centroid and the

virtual camera. In a real application, observation distance would typically be an input from the

user, who chooses the distance from which to view the content. Different observation distances

could correspond to different applications. For example, teleconferencing might involve a close

distance, whereas a user watching a performance might choose a far distance. Once an observation

distance (and angle) are chosen by the user, that determines the rendering parameters which are

needed to achieve that view, but it does not determine the encoding parameters.

Then, for each target bitrate and observation distance, we aim to pick the compression

parameters with the best visual quality for evaluation. Compression parameter sets are different

for mesh and point cloud representations, and they are chosen as follows:

For mesh representation: This consists of two parts, the atlas image and vertex infor-

mation. Atlas images are formed into a sequence and compressed with any video codec. We

used FFmpeg (version 3.4.1) to compress it, involving two compression factors: atlas image

size L and compression quantization parameter (QP) q. The vertex information contains vertex

coordinates, vertex connection information, and vertex-atlas mapping information. Vertex coor-

dinates are quantized with step size β. Vertex connection information is compressed losslessly
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with TFAN [27]. The vertex-atlas mapping determines the correspondence between a vertex

coordinate and a pixel position in the atlas image which is a two dimensional vector for each

vertex. Vertex-atlas mapping information is quantized with step size γ. All the vertex information

after quantization and compression is further compressed as a subtitle bitstream in the FFmpeg

framework. The number of triangles per frame Nt can also be controlled as a pre-processing step.

The overall parameter set for mesh compression is formulated as the vector (Nt, L, q, β, γ).

Starting with the raw data for each sequence, 6 versions of the mesh sequence are generated

with different numbers of triangles per frame: 3k, 5k, 8k, 10k, 12k and 15k. For each version

and each target bit rate, the compression parameter set that generates the best visual quality is

manually chosen. That leads to 6 different compression parameter sets in total for each target bit

rate. Then, 2D video is rendered according to a certain observation distance. We manually pick

one parameter set from those 6 parameter sets as the one with the best 2D visual quality under

this bit rate and this distance. For each observation distance and target bit rate, we repeat this

procedure. In the end, given 5 bit rates and 3 distances for each sequence, we have 15 different

compression parameter sets for each of the four test sequences.

For PC representation: We use V-PCC for PC compression. An important V-PCC

parameter is the projected image size, lx and ly; the core idea of V-PCC is to project a PC onto

a 2D image for both geometry and texture. Then, a conventional video codec is applied with

QPs for geometry and texture (QPgeometry and QPtexture). We used FFmpeg (version 3.4.1) as

the video codec. Note that the size parameters lx and ly for PC compression, and L for mesh

compression, are used only in the compression step, where they may differ for different bit rates

or observation distances. However, following decompression, for purposes of rendering and

display, all cases use the same interface and display size of 2048 × 2048.

Another important parameter, similar to the number of triangles per frame in mesh

compression, is the down-scaling factor s which controls the number of cloud points. Down-

scaling is performed over the source PC. Given a point (x, y, z) in the original PC, the scaled point
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is (x/s, y/s, z/s). Since the PC compression algorithm only takes integer input, the coordinates

(x/s, y/s, z/s) are rounded to integer. After shrinking all point coordinates and rounding to

integers, some points that were distinct in the original PC will map to the same position in the

down-scaled PC. These duplicate points are removed. In this way, a down-scaling of coordinates

directly leads to a down-sampling of points. So the down-scaling reduces the number of points.

Scaling-up is implemented when we render the scaled PC.

We have 6 scale factors, 1.0, 1.25, 1.5, 1.75, 2.0 and 2.5. The compression parameter

set for PC compression is (s, lx, ly, QPgeometry, QPtexture). For each target bit rate and each

observation distance, we manually pick the parameter set that provides the best visual quality. In

the end we have 15 parameter sets for 5 bit rates and 3 distances for each sequence.

In Table 3.2, we show compression parameter sets that are picked for our experiment

for Dancer. Those parameter sets achieve the best visual quality for the given target bit rate

and observation distance. To generate the candidates, we traversed all possible combinations

of parameters that fit the bit rate constraint. After rendering all candidates to 2D videos, the

investigators manually picked the parameter set with the best visual quality among the candidates

for each observation distance. It is not always the case that the lowest QP was selected as the

best candidate, because, for example, to meet the bit rate constraint, the lowest QP might occur

with heavy down-scaling of the point cloud, a combination that might lead to poor quality. When

we manually pick the parameters, the parameters are hidden from us to avoid bias, so we choose

the parameters based on visual quality of the rendered videos. Table 3.2 shows a clear trend in

different parameter sets for different bit rates, for example, for lower bit rates, a smaller number

of triangles is a good choice for meshes, and heavier down-scaling is a good choice for point

clouds. But Table 3.2 does not show a clear trend for observation distances, suggesting that some

different combinations of parameters which achieve the same bit rate look visually similar.

There are 120 rendered videos in total, corresponding to 2 representations (mesh and

point cloud), 4 sequences, and 15 sets of compression parameters (3 distances × 5 bit rates).
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Each video lasts 10 seconds. Fig. 3.3 and Fig. 3.4 present rendered images of the compressed PC

and mesh from the 250th frame of Model. From the example frames, we notice that observation

distance plays an important role in visual quality. At low bit rate, PC compression causes some

cracks and outliers. While mesh compression appears to better preserve the geometry compared

to PC compression, the texture information appears to suffer more distortion.

Table 3.2: Parameter sets for different target bitrates and observation distances for
sequence Dancer

Distance Close (1.5m) Middle (3.0m) Far (5.0m)
Mesh

3 Mbps (3k, 512, 31, 0.5, 1/512) (3k, 512, 31, 0.5, 1/512) (3k, 512, 31, 0.5, 1/512)
6 Mbps (3k, 1024, 27, 0.3, 1/1024) (3k, 1024, 27, 0.3, 1/1024) (3k, 1024, 27, 0.3, 1/1024)
9 Mbps (5k, 1024, 23, 0.1, 1/1024) (8k, 1024, 26, 0.2, 1/1024) (5k, 1024, 23, 0.1, 1/1024)

15 Mbps (10k, 2048, 28, 0.2, 1/2048) (12k, 2048, 31, 0.1, 1/2048) (10k, 2048, 28, 0.2, 1/2048)
25 Mbps (15k, 2048, 23, 0.1, 1/2048) (15k, 2048, 23, 0.1, 1/2048) (15k, 2048, 23, 0.1, 1/2048)

Point cloud
3 Mbps (2, 1280, 1408, 32, 37) (2, 1280, 1408, 32, 37) (2, 1280, 1408, 32, 37)
6 Mbps (1.75, 1472,1616, 29, 31) (1.75, 1472,1616, 29, 31) (1.5, 1712, 1872, 28, 35)
9 Mbps (1, 2560, 2656, 28, 39) (1.25, 2048, 2240, 27, 33) (1.25, 2048, 2240, 27, 33)

15 Mbps (1, 2560, 2656, 21, 35) (1.25, 2048, 2240, 22, 28) (1.25, 2048, 2240, 22, 28)
25 Mbps (1, 2560, 2656, 20, 26) (1.25, 2048, 2240, 18, 24) (1, 2560, 2656, 20, 26)

3.2.3 Experiment Design

Thirty subjects (22 males, 8 females, age range 19-37) participated in our two-part

experiment. For display, we used an Acer 24-Inch LED backlight monitor. In the first part, the

subject scores each video from 0 (worst quality) to 100 (best quality). Before starting, subjects

are shown a few example videos to calibrate their scoring standard. The 120 videos are shown in

a random order. The user interface for the first part of the experiment is shown in Fig. 3.5. The

size of the user interface (and of its displayed video) remains the same for all cases. Subjects

input their score in the box according to the scale. After clicking ’Submit Score’, the score is

recorded and the next random video appears. Including training, this part takes approximately 30

minutes and includes 120 videos.
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Figure 3.3: Rendered versions of the compressed PC from the 250th frame of Model.
The bit rates are 3Mbps, 6Mbps, 9Mbps, 15Mbps and 25Mbps from the top to bottom
row. From left to right, the observation distance decreases from 5m to 1.5m.
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Figure 3.4: Rendered versions of the compressed mesh from the 250th frame of Model.
The bit rates are 3Mbps, 6Mbps, 9Mbps, 15Mbps and 25Mbps from the top to bottom
row. From left to right, the observation distance decreases from 5m to 1.5m.
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Figure 3.5: User interface for the first part of experiment

The second part aims to compare two videos (A and B) side by side, asking the subject

which one is better based on visual quality. The videos are for the same sequence, bit rate and

distance; one is from mesh representation and the other is from PC representation. The user

interface for this part is shown in Fig. 3.6. The order of videos is random as is their placement

as A or B. There are five choices: A is far better, A is a little better, they are similar, B is a little

better and B is far better. The subject makes a choice and clicks ’Submit’ to proceed to the next

pair. This part of the experiment takes about 15 minutes and includes 60 video pairs.

3.3 Experiment Results

3.3.1 Ratings of Mesh and Point Cloud Sequences

For the first part of the experiment, viewers rated sequences separately, and for this data

we need to normalize scores and handle outliers. Given the rating range from 0 to 100, scores

from different viewers tend to fall in quite different subranges, so we first normalize raw scores.

37



Figure 3.6: User interface for the second part of experiment

We find the minimum and maximum scores given by each viewer for a specific sequence. For

each sequence, the median of the minimum scores across viewers is denoted Smin (likewise

Smax), and all viewers’ scores for the sequence are normalized to the range from Smin to Smax.

We adopt a screening method from [59] to eliminate scores that are outliers or inconsistent.

This method, also used in [60], makes use of the fact that our test contains videos at different bit

rates.

1) First, we aim to remove outlier scores. For each video ζ, we determine the mean,

standard deviation and kurtosis, denoted ūζ , σζ and β2ζ . When 2 < β2ζ < 4, the distribution

of scores for that video is close to normal, and a score outside the range [ūζ − 2σζ , ūζ + 2σζ ]

could be regarded as an outlier. If β2ζ is not between 2 and 4, the range for inlier is enlarged to

[ūζ −
√

20σζ , ūζ +
√

20σζ ]. For each viewer, we will reject the 30 scores of this viewer for a

given sequence if there are two or more scores above the upper end of the inlier range, or if there

are two or more scores below the lower end of the inlier range.

2) If scores from a viewer are consistent, the rating for a lower bit rate should not be

larger than that for a higher bit rate. All 30 scores of a viewer for a certain sequence are rejected

if there are more than two times that the user gives a score at any lower bit rate more than K
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times larger than the score given by the same user at any higher bit rate for the same sequence

and observation distance. Here K = 1.3 is chosen empirically; the consistency is good enough to

show the scoring trend without rejecting too many scores from viewers.

After screening, there are on average 22 user ratings for each sequence. We average

viewer scores for the same video to determine its mean opinion score (MOS). We divide all MOS

values with the highest score for each sequence and each representation to normalize the highest

score to 1.

We plot curves of normalized MOS vs. bit rate in Fig. 3.7. The curves show that increasing

bit rate produces better visual quality, and for a given bit rate, closer observation distances

generally receive lower quality scores than farther observation distances. In Fig. 3.8, we plot

curves of MOS vs. distance. Given a fixed bit rate, the relationship appears close to linear, and the

slope and intercept for each line depend on the bit rate. In Section 3.3.3 we will use the data in

Figs. 3.7 and 3.8 to create a model that predicts the MOS as a function of bit rate and observation

distance.

Figure 3.7: Curves of MOS vs. Bit rate for both mesh and PC compression at different
observation distances
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Figure 3.8: Curves of MOS vs. Distance for both mesh and PC compression for
different bit rates (Mbps)

3.3.2 Preference for Mesh and Point Cloud Compression

In the second part of the experiment, viewers compare sequences side-by-side, and here

we use all data points and for this preference there is no normalization done. Bar charts of the

data are shown in Fig. 3.9. The sequence Dancer contains fast motion and the sequence Model

contains detailed texture. Sequence-specific conclusions that we draw from these plots are:

1. For Basketball, Exercise and Model, people prefer PC over mesh compression at low bit

rates (e.g. 3Mbps), especially for Model, whose texture is richest. Mesh texture appears

more blurry than PC texture at low bit rates.

2. For Dancer at relatively low bit rates, mesh compression is better than PC. A PC is

composed of discrete points which might cause bad artifacts (such as holes) when the

motion is fast, as in Dancer.

Combining all sequences, the left bar chart in Fig. 3.10 shows the total count of people

who preferred mesh compression in the comparison. In the middle is the count of those choosing
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Figure 3.9: Preferences for mesh or PC compression for four different sequences at
three different observation distances, across five bit rates
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”similar”, and PC preference is at the right. The differences between Fig. 3.10 and Fig. 3.9 are

that Fig. 3.9 shows preferences for each sequence while Fig. 3.10 combines all sequences, and

Fig. 3.10 combines ’a little better’ and ’far better’ together. Conclusions that we draw from these

plots are:

1. There is a general trend that PC compression is preferred at low rates, and the two different

representation types become more similar as the bit rate increases.

2. When we observe the sequence from afar, the two representations are similar except at low

bit rates.

3. With decreasing observation distance, the preference for mesh compression increases.

Figure 3.10: Bar chart for preferences: Mesh preferred, similar, and PC preferred

3.3.3 Opinion Score Model

This section proposes an opinion score model that takes bit rate and observation distance

as inputs. The model predicts the MOS score using:

MOS(r, d) = BQF (r) ∗ODCF (r, d) (3.1)

Here r is bit rate and d is observation distance. Because the video version with the highest bit rate
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and farthest distance always gets the highest score, we have MOS(25Mbps, 5) = 1. BQF (r) is

Bitrate Quality Factor with the formulation adopted from [60]:

BQF (r) =
1− e−w

r
rmax

1− e−w
(3.2)

where rmax is the maximum bit rate which we take as 25Mbps and w is a parameter for BQF (r).

ODCF (r, d) is Observation Distance Correction Factor which we define as the ratio between the

score of distance d and the score of the far distance (5) for a certain bit rate r, soODCF (r, 5) = 1.

That leads to MOS(r, 5) = BQF (r) and we could use the MOS for far distance to estimate the

parameter for BQF (r).

Then, we would like to determine the functionODCF (r, d). We compute theODCF (r, d)

value using Eq. 3.1. From the roughly linear curves of MOS vs. distance shown in Fig. 3.8, and

taking the slope and intercept for each line to be dependent on the bit rate, we obtain:

ODCF (r, d) = slope(r) ∗ d+ b(r) (3.3)

where slope(r) is the slope and is a function of bit rate, and b(r) is also a function of r. While

the linear fit involves only three points for ODCF (r, d), the three distances represent a wide

range of likely observation distances, and the linear fit is simple and performs well in quality

estimation, as will be shown in the following evaluation. Since ODCF (r, 5) = 1, Eq. 3.3 yields

b(r) = 1−slope(r)∗5. We want to determine a relation between slope(r) and r. First, for all 5 bit

rates, we fit a linear model to ODCF (r, d) and generate 5 different slope(r). Curves of slope(r)

are shown in Fig. 3.11. The relation for mesh compression looks like an inverse proportional

function slope(r) = m/r and that for PC compression is a linear function slope(r) = p ∗ r + t.

Here m, p, t are all function parameters.

Then the final MOS could be computed as the multiplication ofBQF (r) andODCF (r, d):
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Figure 3.11: Slope vs. Bit rate from which we estimate slope(r)

MOSmesh(r, d) = BQF (r) ∗ (
m

r
∗ d+ 1− 5 ∗ m

r
) (3.4)

MOSPC(r, d) = BQF (r) ∗ ((p ∗ r + t) ∗ d+ 1− 5 ∗ (p ∗ r + t)) (3.5)

The fitting is performed using Matlab’s built-in functions fittype() and fit(). Algorithm 1

shows the fitting process as pseudo-code. When using all four sequences for parameter estimation,

the fitting result is shown in Fig. 3.12. Pearson Correlation (ρ), Mean Squared Error (MSE),

Spearman’s Rank Correlation Coefficient (SRCC) [61], Kendall Rank Correlation Coefficient

(KRCC) [61] and perceptually weighted rank correlation (PWRC) [62] are used for evaluation.

The evaluation results are in Table 3.3.

For comparison, we use the MOS prediction model from [55] which takesMOSpredicted =

Ax3 +Bx2 + Cx+D where A, B, C and D are parameters to be estimated and x is the score

from the FR 3D objective quality metric VIFp (Visual Information Fidelity, pixel domain version)

which was shown to achieve the best correlation with human perceptual quality in MOS prediction
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in [55]. VIFp is carried out on the projected 2D images of 3D content, and it considers color

information and geometry information jointly, giving an overall score for input 3D content. VIFp

can handle both mesh and PC representations. As in [55], we render each frame of each sequence

into 2D along six axis directions, then compute the averaged VIFp of all six directions as the final

VIFp value of this frame with the provided tool, Video Quality Measurement Tool (VQMT) [63].

VIFp of the whole sequence is computed as the averaged VIFp across frames. Then we apply the

VIFp as input to estimate the parameters of their model based on our measured MOS data. The

comparison results of predicted MOS are in Table 3.3. Compared to the model from [55] which

is also fit to our collected MOS scores, our model better predicts MOS.

Algorithm 1 Model Fitting for MOS(r, d)

Require: Scores for each videos
Consider when d = 5, ODCF (r, 5) = 1
MOS(r, 5) = BQF (r)
Fit model BQF (r) with scores at far distance to get w

Compute ODCF (r, d) = MOS(r, d)/BQF (r)
Fit linear model ODCF (r, d) = slope(r) ∗ d+ b(r)
Based on definition, ODCF (r, 5) = 1
b(r) = 1− slope(r) ∗ 5
ODCF (r, d) = slope(r) ∗ d+ b(r) = slope(r) ∗ (d− 5) + 1

if Sequence is Mesh then
slope(r) = m/r
Fit ODCF (r, d) to get m

else {Sequence is PC}
slope(r) = p ∗ r + t
Fit ODCF (r, d) to get p, t

end if
MOS(r, d) = BQF (r) ∗ODCF (r, d)

Because the MOS scores for all sequences are used to fit the models, Table 3.3 is overly

optimistic, for both our approach and that of [55], about the correlation between actual and

predicted MOS scores. Therefore, cross validation of the fitting is carried out by removing

the scores from one sequence and estimating the model parameters with the remaining three

45



Figure 3.12: Fitting curve of proposed model

Table 3.3: Fitting evaluation of our proposed model and of the VIFp-based model from
[55]

Sequence
Mesh Point Cloud

ρ MSE SRCC KRCC PWRC ρ MSE SRCC KRCC PWRC
Our model:

Dancer 0.977 0.0050 0.979 0.943 0.936 0.983 0.0041 0.993 0.962 0.976
Basketball 0.994 0.0008 0.986 0.943 0.936 0.985 0.0013 0.989 0.943 0.955

Model 0.983 0.0180 0.996 0.981 0.986 0.980 0.0011 0.982 0.924 0.929
Exercise 0.973 0.0029 0.968 0.867 0.878 0.969 0.0014 0.979 0.924 0.933

Model in [55]:
Dancer 0.870 0.0164 0.964 0.867 0.894 0.946 0.0052 0.946 0.848 0.828

Basketball 0.837 0.0145 0.904 0.810 0.844 0.946 0.0032 0.921 0.790 0.767
Model 0.905 0.0208 0.963 0.880 0.891 0.974 0.0035 0.961 0.867 0.863

Exercise 0.850 0.0104 0.911 0.790 0.818 0.958 0.0033 0.961 0.848 0.854
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sequences. Then we compute the correlation measures and MSE between the actual scores and

the estimated scores for the sequence left out. Pearson Correlation values, MSE, SRCC, KRCC

and PWRC values are shown in Table 3.4 for all four sequences. From Table 3.4, we notice

that the correlation coefficients are still promising even though the parameters of the model are

estimated from other sequences, and the approach generally outperforms the VIFp model [55]

evaluated using the same cross validation strategy.

Table 3.4: Fitting cross validation of our proposed model and of the VIFp-based model
from [55]

Sequence
Mesh Point Cloud

ρ MSE SRCC KRCC PWRC ρ MSE SRCC KRCC PWRC
Our model:

Dancer 0.972 0.0078 0.975 0.924 0.916 0.982 0.0057 0.989 0.943 0.955
Basketball 0.994 0.0008 0.986 0.943 0.936 0.983 0.0015 0.989 0.943 0.955

Model 0.979 0.0292 0.996 0.981 0.986 0.976 0.0013 0.982 0.924 0.929
Exercise 0.964 0.0047 0.939 0.829 0.836 0.966 0.0019 0.979 0.924 0.933

Model in [55]:
Dancer 0.872 0.0257 0.964 0.867 0.894 0.945 0.0068 0.946 0.848 0.828

Basketball 0.836 0.0156 0.904 0.810 0.844 0.936 0.0042 0.921 0.790 0.767
Model 0.900 0.0289 0.9634 0.880 0.891 0.969 0.0056 0.961 0.867 0.863

Exercise 0.850 0.0111 0.911 0.790 0.818 0.953 0.0057 0.961 0.848 0.854

3.4 Implications for Compression

These subjective test results have implications for the choice of compression method and

parameters.

3.4.1 Choice between Point Cloud and Mesh

The second part of the subjective test indicates which representation is better for certain

bit rates and observation distances. Fig. 3.9 and Fig. 3.10 provide some guidance on choosing

the compression method. If the required bit rate is low, such as 3Mbps, we should choose PC

compression regardless of observation distance. Secondly, if the application requires a close
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observation distance and the required bit rate is not low, mesh compression should be chosen. For

other cases, there is no preference between the representations.

We could also choose the better representation based on the opinion score model. The

bit rate and distance are inputs to our proposed models. In the left plot of Fig. 3.13, ∆MOS is

defined as the difference between the MOS of mesh and PC compression, ∆MOS = MOSmesh −

MOSpoint cloud. The red curve on the surface is where ∆MOS = 0. The surface relates to the bar

charts in Fig. 3.10. The right plot of Fig. 3.13 pictures the boundary of ∆MOS = 0 shown as a

solid line and the curves where ∆MOS = −0.05,−0.02, 0.02, 0.05 are shown with dashed lines.

To the upper left of the solid curve, PC compression is preferred, and to the bottom right, the

preference is for mesh. Larger values of ∆MOS indicate stronger preference.

Figure 3.13: (Left) Surface plot of the difference between predicted MOS for mesh
and predicted MOS for PC, as a function of bit rate and observation distance, (Right)
Isocontours where the difference in predicted MOS takes on the values -0.05, -0.02, 0,
0.02, and 0.05.

3.4.2 Choice of number of triangles and scale factor

There are several compression parameters for PC and mesh compression, including the

number of points per frame for a PC which could be controlled by the scale factor, and the number

of triangles for a mesh. From the manually chosen compression parameter sets described in
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Sec. 3.2 B, we plot the number of triangles Nt and scale factor s vs. bitrate in Fig. 3.14. In

this plot, Nt and s are averaged across sequences. From the plot, we notice that the trends are

similar across different observation distances, especially for PC compression. The curve for mesh

compression at close distance is slightly different because at close distance, people notice more

texture details so texture should account for more of the fixed bit rate. That leads to the lower

number of triangles for best visual quality.

Figure 3.14: Curves of number of triangles vs. bitrate and scale factor vs. bitrate

With increasing bit rate, the number of triangles tends to increase and the scale factor

tends to decrease. We do linear and power law fitting as follows:

Nt = k ∗ r (3.6)

s =

 a ∗ rc, a ∗ rc > 1

1, otherwise
(3.7)

where k = 0.6496, a = 3.118 and c = −0.3667 are model parameters. The curve fitting result

is shown in Fig. 3.14 in black. These models can give a useful rule-of-thumb for estimating the

number of triangles or scale factor given the bit rate.
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3.5 Conclusion

This study provides several new results regarding subjective quality of compressed 3D

content as it relates to choice of representation, observation distance, bit rate, and scaling.

The main conclusions of this chapter are as follows:

• We designed a subjective test to compare the compression quality for PC and mesh rep-

resentations. PC compression is better for low bit rates, whereas mesh compression is

preferred when the observation distance is close and the bit rate is not low. When the bit

rate is high, there is little difference between the two representations.

• For the two representations, we propose two models that estimate people’s opinion scores

and fit the experimental data well under cross-validation. The model can be used to choose

a representation based on observation distance and target bit rate.

In addition, when we generated parameter sets for our experiment, we found the general

trend that reducing the number of mesh triangles or reducing the number of cloud points improved

visual quality at low bit rates. Suggestions for reducing the number of mesh triangles and choosing

the point cloud scale factor are provided. Such reductions are not routinely considered part of the

compression pipeline for 3D content, but our finding fits the well-known result for 2D content

that spatial down-sampling is useful at low bit rates (see, e.g., [64, 65]). Such reductions can

play an important role in preserving quality at low bit rates for 3D content as well, and would be

worthy of a further subjective study.

Chapter 3, in part, is a reprint of the material as it appears in the paper: K. Cao, Y. Xu and

P. Cosman, “Visual Quality of Compressed Mesh and Point Cloud Sequences,” In IEEE Access, 8

(2020): 171203-171217. The dissertation author was the primary investigator and author of this

paper.
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Chapter 4

Denoising and Inpainting for Point Clouds

Compressed by V-PCC

V-PCC achieves a high efficiency for compression, but compressed point clouds suffer

from different kinds of artifacts, such as outliers and cracks, especially for low bit rates. There

exist various denoising and inpainting methods that can fix many of these outliers and cracks,

however these methods are computationally complex. While a defective sensor might lead to an

artifact occurring anywhere in a point cloud, the key observation of this chapter is that artifacts

which arise as a result of V-PCC standard compression tend to appear in particular regions and can

be characterized in ways that are amenable to post-processing algorithms such as denoising and

inpainting to remove them. We develop an approach to artifact removal which directly exploits

the point cloud representation in its V-PCC compressed framework, both to locate the artifacts

and to aid in removing them, and we conduct a subjective experiment to validate our approach to

artifact removal. In this chapter, the contributions are:

• We characterize the types and locations of artifacts that arise with V-PCC. In particular,

artifacts tend to appear at patch edges and also where the patch projection direction differs

significantly from point normal directions.
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• Targeting two different kinds of artifacts, we propose simple but effective denoising and

inpainting methods.

• We conduct a subjective test of visual quality; the results indicate our proposed method

significantly improves the visual quality of compressed PC sequences and static objects.

This chapter is structured as follows. Sec. 4.1 introduces prior work on PC denoising

and inpainting. Sec. 4.2 categorizes different types of artifacts from V-PCC at low bit rates and

presents our proposed algorithm. Sec. 4.3 describes the subjective test to evaluate our proposed

algorithm and analyzes its results. Conclusions are in Sec. 4.4.

4.1 Related Work

4.1.1 Point Cloud Denoising and Inpainting

Denoising for 2D images is a broadly studied topic. However, due to the lack of a grid as

in 2D images, PC denoising is more challenging. Some conventional methods could be transferred

to PCs. The method in [66] adopts a moving least-squares method to recover the underlying

smooth surface of unorganized points. Noise is located with spectral analysis for PCs in [67]

and then a Laplace-Beltrami operator is adopted to smooth the PC surface. Sparsity is taken

into consideration in [68] to reconstruct a smooth point set surface. In [69], a bilateral filter is

applied to remove noise from 3D scanners. Methods applying neural networks are also proposed

in [70–72] to remove noise from PCs.

Hole filling, or inpainting, is another kind of artifact removal process; it consists of two

steps, detecting holes and filling holes. Hole detection is achieved through different criteria to

identify whether a point belongs to a boundary or not. In [73], a covariance matrix is generated

based on the neighbor points of a given point, and then the given point will be identified as being a

boundary point or not based on the distribution of the matrix eigenvalues. The detected boundary
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points are connected to construct boundary polygons. Halfdisc, angle, and shape criteria are

combined in [74–76] to detect boundary points. The halfdisc criterion is based on the property that

the local neighborhood of points located on the surface boundary is homeomorphic to a halfdisc

as opposed to the full disc of an interior point. Use of the angle criterion begins by projecting all

neighbor points of a center point on the tangent plane and then sorting them according to one

direction (clockwise or counter-clockwise). The largest angle between two consecutive neighbor

points is defined as the angle for the center point. The shape criterion is based on the covariance

matrix of neighbors. Four characteristic situations (boundary, interior, corner/noise and line)

are classified based on the eigenvalue distribution. Sharp edges are located with normal vectors

in [77].

A survey [78] on algorithms for hole filling in 3D surface reconstruction categorizes the

methods into surface-based methods and volume-based methods. Surface-based methods fill holes

considering properties of the surface, such as boundary curvature, topology and primitive shape.

The method in [73] jointly considers coordinates and normal vectors to solve the surface fitting

issue. Polynomial surface fitting is applied in [76]; they claim 4th order is sufficient for the fitting

function. The method in [79] assumes the hole will have a cone shape and the fitting algorithm is

based on properties of cones. Instead of fitting the surface, missing points are inferred from a

spline curve guided tensor voting mechanism in [75]. Primitive shapes are extracted in [80] to

help with hole-filling.

In contrast to surface-based methods, volume-based methods for filling holes in PCs

usually decompose the point space into grid volumes. The method in [81] builds up a signed

function around a surface, then applies a diffusion process with a 7-point ’plus’ kernel to try to

bridge the gap (or hole). Radius basis functions are applied in [82] to expand the information from

points to their neighbors trying to fill the hole. PCs are segmented into thousands of overlapped

cube regions in [83, 84] and the similarity between cubes is computed for hole-filling.

As a popular tool, neural networks have also been proposed for PC inpainting [85, 86].
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In some case, extra information is used; scanned raw data and depth maps are used to infer 3D

information in [87], while [88] takes advantage of temporal correlation to reconstruct PCs based

on rank minimization theory.

4.2 Proposed Artifact Removal Method

In this section, we first categorize different types of geometric compression artifacts based

on the cause for their appearance. Then, artifact detection and removal algorithms are described

for each type. A discussion of hyper-parameters involved in the proposed algorithms is included.

4.2.1 Noise Categorization

From observing compressed and reconstructed PCs, there are mainly two kinds of geomet-

ric artifacts, outliers and cracks (Fig. 4.1), that are generated by V-PCC. Outliers are points that

stand out from an original smooth surface as shown in Fig. 4.1(a). Outliers tend to appear when

the geometry information at the edge of a 2D geometry patch is affected by lossy compression,

which can lead to reconstructed points flying out of (or inside) the original surface.

Cracks can be classified into edge cracks (Fig. 4.1(b)) and projection cracks (Fig. 4.1(c)).

Edge cracks appear at the edges of patches. Separating the cloud into patches causes some points

that are neighbors in the original PC to end up at the edges of different patches, subject to different

projections. When putting reconstructed 3D patches back together to generate the whole PC after

decompression, the edges might not align exactly, leading to edge cracks.

In the segmentation step, each point is assigned one of 6 main directions as the principal

direction. However, when dividing the whole PC into patches, smoothing is applied where

points with different principal directions might be classified into the same patch. When the patch

projection direction has a large angle with the normal direction of a point, the projection fails to

preserve surface information which causes projection cracks on the reconstructed surface.
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Figure 4.1: Noise types. (a) Outliers. (b) Edge cracks. (c) Projection cracks.

4.2.2 Artifact Region Detection

Since outliers and edge cracks relate to patch edges, we extract information from V-PCC

to help locate them. We adopt the same definition as Fig. 2.3 to categorize pixels in a 2D patch

into three categories, edge1 pixels, edge2 pixels and interior pixels. In V-PCC, when a 2D patch

is converted back to 3D at the decoder, it becomes a cluster of points. 3D points that come from

edge1 (or edge2) pixels are called edge1 (or edge2) points. Interior points are converted from

interior pixels. After decoding, we treat edge1 points as possible candidates for being outliers,

while both edge1 and edge2 points are regarded as where edge cracks might appear.

Given the reason why projection cracks occur, possible projection crack regions could be

located wherever the projection direction has a large angle with the surface normal. For a point P

with projection direction Vproj , we compute the normal vector Vnorm for P and the angle between

them: θ = angle(Vproj, Vnorm). A threshold tθ is applied; if θ > tθ, this point is considered to be

a projection crack point.

Fig. 4.2 illustrates detected noise regions. From the visualization, the detected projection

and edge crack regions are visually accurate and cover most artifact regions.
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Figure 4.2: Visualization of crack regions. (a) Compressed and reconstructed PC. (b)
Red points are candidates for outliers. Red and green points show the edges of V-PCC
patches, and are where edge cracks might appear. Blue points show where point normal
vectors and projection directions have a large angle, and are where projection cracks
might appear.
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4.2.3 Outlier Removal and Crack Filling

Outlier removal: Fig. 4.3 shows the flowchart to determine whether an edge1 point is an

outlier. For each edge1 point, we find its closest edge2 point in the same patch and compute the

distance doutlier between them along the projection direction. If doutlier is greater than a threshold

to, the edge1 point is classified as an outlier. The orange blocks of Fig. 4.3 provide an example of

computing doutlier. Fig. 4.4 illustrates the approach. Fig. 4.4(a) shows a 2D patch, where P is

an edge1 pixel whose depth is not continuous with its neighbor edge2 pixel. In (b), (c) and (d),

we show reconstructed 3D points as seen in three orthogonal planes. We can clearly see that the

reconstructed 3D point is an outlier, as shown in the reconstructed PC in (e).

Figure 4.3: Flowchart for identifying outliers

Figure 4.4: Example where doutlier is large. (a) 2D patch, where P is an edge1 pixel; (b),
(c) and (d) Reconstructed 3D points as seen in three orthogonal planes; (e) Reconstructed
PC, in which P is an outlier.

After identifying an outlier point, we try to correct it by fitting a surface. Fig. 4.5 shows
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the pipeline. For each outlier, we first find its nearest ko neighbors that are non-edge1 points

of the same patch, and then fit the points with a polynomial surface of order 4 as suggested

in [76]. A new point generated based on the fitted surface is evaluated with the same criterion

shown in Fig. 4.3. If the new point satisfies the criterion, the outlier point is deleted and the new

point replaces it as a new edge1 point, otherwise, we simply remove the outlier. An example is

described in the orange blocks of Fig. 4.5.

Figure 4.5: Flowchart for removal of identified outliers

A visual example is shown in Fig. 4.6. Fig. 4.6(a) circles a region with outliers; Fig. 4.6(b)

zooms in on that region. The marked yellow point is one identified outlier. In Fig. 4.6(c), the red

points are the ko nearest neighbors that are in the same patch as the yellow point. and the fitted

surface is shown transparently. The green point in (c) is the outlier after correction, which is on

the fitted surface. The green point in Fig. 4.6(d) shows the corrected point. After such processing

on all outliers, the section looks as shown in Fig. 4.6(e).

Crack Filling: Fig. 4.7 shows the pipeline for filling cracks. For a crack point P , we find

its ksurface nearest neighbors and project them along the x, y, and z directions. For each projection

direction, (a) a binary image B is generated based on whether a pixel is occupied after projection,

(b) binary closing is applied with radius rdisk to obtain B′, and (c) the difference B − B′ is
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Figure 4.6: Example of removing outliers

computed. The main direction is the direction for which B − B′ has the most points, and also

for which the number of points in B is not the smallest among the three projection directions. If

these two criteria are not satisfied at the same time, we skip this crack point. For the example

in Fig. 4.7, the x direction is chosen as the main direction. The second criterion aims to avoid a

wrong projection direction for filling the crack; in the case of Fig. 4.7 the y direction runs parallel

to the surface and produces the smallest area in the projection, so the y direction should not be the

main projection direction for crack filling at that location. After determining the main direction,

candidate points will be generated based on the fitted surface and difference between B′ and

B. For pixels that are in B′ −B, their pixel positions are fed into the fitted surface function to

compute the third component for coordinates. Some of these candidate points might be outliers

so they are checked with the outlier detection pipeline (Fig. 4.3) before being added to the PC.

The attribute of the added point is assigned to be the same as the attribute of its closest point.

Combining together the modules for outlier detection and removal, and for crack detection
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Figure 4.7: (a) Pipeline for filling cracks. (b) Binary images before closing operation.
(c) Binary images after closing operation. (d) The red circle denotes the crack region
where we implement projection.

and filling, we obtain the whole pipeline for artifact removal (Fig. 4.8). Since the cracks might be

large, a loop structure is added to fill large cracks progressively. A parameter ratioadded = Nn

Nn−1

is computed for each iteration of the loop, where Nn is the number of points added in the nth

iteration. A threshold thstop is set for ratioadded to control stopping.

Discussion of Hyper-parameters: The hyper-parameters are listed in Table 4.1.

Angle threshold tθ

For a point P , if the angle θ between the normal vector and the projection direction of P

is greater than tθ, we consider P to be a projection crack point. In V-PCC, the best projection

direction of each point is picked according to the maximum absolute coordinate value of the

normal vector. For example, if a point has normal vector (nx, ny, nz) where max(|nx|, |ny|, |nz|) =
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Figure 4.8: Loop pipeline to fill large cracks

Table 4.1: Definitions of Hyper-parameters

Hyper-parameters Definitions
Locate Projection Crack Regions:
tθ Threshold for angle
Outlier Detection and Removal:
to Threshold for outlier identification
ko Number of nearest neighbors
Cracking Filling:
rdisk Radius of disk size for binary closing operation
ksurface Number of nearest neighbors for surface fitting
tstop Threshold for stopping loop
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nx, the +x axis will be chosen as the best projection direction for this point. This best projection

direction and the normal direction will have an angle between them which is less than or equal

to 45 degrees. However, when dividing the whole PC into patches, to avoid subdividing the PC

into too many small patches, smoothing is applied where points with different best projection

directions might be classified into the same patch, and a single projection direction is used for

the patch. For those points where the best projection direction is not the the projection direction

actually used, the angle between the normal and the actual projection direction is greater than 45

degrees. This leads us to choose tθ = 45.

Threshold to for outlier identification

The threshold to is used to identify whether a point is an outlier. For the PCs Basketball,

Longdress and Can, Table 4.2 provides the average nearest neighbor distance dn as well as the

percentage of points in the original PC that have unit distance to their nearest neighbor. Here,

dn = 1
N

∑N
i=1 di where N is the total number of points in the cloud and di is the distance from

point Pi to its nearest neighbor. The PCs we use as input to V-PCC are dense and have integer

coordinates, so nearly all points in the original PC have unit distance to their closest neighbor.

Given this high fraction of points with distance 1 to their nearest neighbor, we choose to = 1.

Table 4.2: Statistics of nearest neighbor distances for original PCs, and estimated crack
widths for QP = 20, 30, and 40.

File Distance % dist=1 Average Crack Width
Basketball 1.00000 99.99989% 2.298, 2.549, 3.501
Longdress 1.00011 99.97657% 2.565, 2.856, 3.665

Can 1.00093 99.77452% 3.430, 3.676, 4.021

Disk radius rdisk for binary closing operation

Table 4.2 has a rough estimate of average crack width for QP=20, 30 and 40. The crack

width is estimated as follows. After handling outliers, for each edge1 point, we find its closest
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edge1 point from another patch, then compute the distance between those two edge1 points. We

take the average of those distances that are greater than
√

3 because two points with distance

larger than that cannot be 26-connected in a 3D integer space, so this could be considered a crack.

We regard this average as an estimate of average crack width. Crack width generally increases

with increasing QP. From the statistics and visual inspection, we choose rdisk = 3; using smaller

values would fill smaller cracks at the cost of increased complexity.

Number ksurface of nearest neighbors for surface fitting

Surface fitting performance under different numbers of nearest neighbors was evaluated

by randomly choosing 30k starting points for surface fitting from a PC. For each point, the nearest

5 ∗ ksurface/4 points are found, of which a random ksurface points are used for surface fitting and

the remaining ksurface/4 points are for testing. Table 4.3 reports the average fitting error (MSE)

for Longdress; ksurface = 128 achieves the lowest MSE in this set. The MSE for ksurface = 32 is

large because using only 32 points leads to overfitting. Other PCs showed similar results, with

ksurface = 128 achieving the lowest MSE.

Table 4.3: Average fitting error of different numbers of points

ksurface 32 64 128 256 512 1024
MSE 63.190 0.766 0.454 0.548 1.191 3.092

Threshold tstop for stopping loop

Fig. 4.9(a) shows the number of points added after each crack filling loop, normalized

by dividing by the number of points added in the first loop. The number of points added drops

sharply initially, then becomes flatter. Fig. 4.9(b) shows ratioadded = Nn/Nn−1 where Nn is the

number of points added in the nth loop. Choosing a stopping criterion of ratioadded > tstop = 0.6

worked well based on visual inspection; obvious cracks are filled on the surface. Choosing 3 or 4
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loops as a stopping point produced similar results to using ratioadded > 0.6.

With those preset hyper-parameters, the running time for one frame with around 1 million

points is approximately 150s compared with decoding time of 6s on an Intel i7 CPU. The overall

setup is highly suitable for parallelization, however, since only local points are involved in the

outlier removal and crack filling operations; if multi-threads and parallel computing were applied,

the time efficiency would improve significantly.

Figure 4.9: (a) Number of points added at each loop. (b) Ratio of numbers of points
added at consecutive loops

4.3 Evaluation of Proposed Algorithm

In this section, we describe our subjective experiment to evaluate the proposed algorithm.

4.3.1 Test Materials

We use five 3D dynamic PC sequences (Exercise, Dancer, Basketball, Redandblack and

Soldier), each of which has 300 frames, as well as four static object PCs (Skull, Earth-simple,

Earth-complex and Can). Each sequence frame and each static PC contains approximately 0.8
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million points with color information as attribute. Fig. 4.10 illustrates the content. Exercise

contains a man wearing solid-color clothing; he exercises slowly, with a large movement range.

In Dancer, a man in solid-color clothing does an urban dance with fast movement and large

movement range. Basketball involves two objects, a basketball and a man; he plays with the

basketball with a moderate motion speed. Both the ball and the man’s shirt have some color

variation. In Redandblack, a woman moves slowly and swirls her skirt. Lastly, Soldier shows a

male soldier wearing camo and holding a gun. The motion is slow and motion range is small.

For static objects, Skull is a head skull with subtle texture and a complicated shape. Earth-simple

and Earth-complex are spheres with different texture complexity levels. Can is a regular cylinder

shape. We randomly pick one frame from each sequence and use it as a static object so the

experiment consists of five sequences and nine static objects in total.

Figure 4.10: Sequence and static object examples. From left to right, the sequences are
Exercise, Dancer, Basketball, Redandblack and Soldier. The static objects are Skull,
Earth-simple, Earth-complex and Can.

4.3.2 Experiment Design

The test materials are first compressed with V-PCC. We set QP=8 for the texture sequence

and use three different QP values for the geometry sequence, 20, 30 and 40, corresponding to
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roughly 0.08bpp (bits per point), 0.04bpp and 0.018bpp for the geometry sequence. The artifact

removal process is used on the decompressed PCs. For the test, we render the 3D content into 2D

videos with a preset camera trajectory as in [89], shown in Fig. 3.2. Using OpenGL in a Linux

OS, we obtain rendered 2D images of the 3D content out of which we generate video sequences

that are shown to subjects. The virtual viewing trajectory makes a full 360 degree turn around the

main figure and the virtual viewing trajectories are chosen to present a large set of angles and

details to be examined by the subjects. The motion trajectory of the virtual viewing camera is the

same for the PC sequences and for the static PC objects.

The rendering is applied on both the decompressed PC directly from V-PCC and the PC

processed with our proposed method. There are 42 pairs of rendered videos in total, corresponding

to 3 QP values and 14 contents (5 sequences and 9 static objects). Each pair consists of a video

with the artifact removal post-processing and one without. Each video lasts 10 seconds.

Twenty-three subjects (15 males, 8 females, age range 18-33) participated in our subjective

experiment. Given the current pandemic circumstances where people are restricted from coming

to university labs, we used a web-based user interface so that subjects could participate in the

experiment in their own rooms. Before starting, subjects see a few example videos to calibrate

their preference standard. The interface has the same layout as Fig. 3.6 in Chapter 3, which

shows two videos side by side. Subjects mark their preference based on visual quality. There

are five choices: left is much better than right, left is a little better than right, left and right are

similar, left is a little worse than right and left is much worse than right. The order of videos is

random. In addition to the 42 regular pairs of videos with and without artifact removal, subjects

are also presented with 6 duplicated pairs and 2 identical pairs. The duplicated pair is a repeat of

a regular pair but with the placement of left and right switched, and an identical pair is one with

left and right videos exactly the same. There are 50 pairs shown in total, and the experiment takes

approximately 20 minutes.
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4.3.3 Experiment Results

Result Screening

First, we used the 6 duplicated pairs and 2 identical pairs to check subject consistency.

For identical pairs, the subject should mark “similar.” Fourteen of the subjects marked

both of their identical pairs as similar. The other 9 subjects marked one of their identical pairs

as “similar” and the other as having one side “a little better” or “a little worse”. We considered

this acceptable. There were no cases where a subject marked “much better than” or “much worse

than” for the identical pairs.

For duplicated pairs, the preference on the second viewing should be consistent with that

of the first. We converted the responses to numbers, where 0, 1, 2, 3, 4 denote, respectively,

that after processing, the quality is much better, a little better, similar, a little worse, and much

worse. If the preference for the first time is m and for the second occurrence of the pair is n,

we define for each subject WeakMismatch as the number of cases when abs(m − n) = 1, and

StrongMismatch as the number of cases when abs(m− n) > 1. For each subject, we reject all

data from that subject if StrongMismatch > 1 or WeakMismatch > 4. Table 4.4 show the statistics

of the variables for screening. One subject was rejected for having StrongMismatch =2; data of

the other 22 subjects are considered valid.

Table 4.4: Mismatches among duplicated pairs

Number of duplicated pairs 0 1 2 3 4 5 6
Count of subjects 17 5 1 0 0 0 0

with StrongMismatch
Count of subjects 3 10 7 1 2 0 0

with WeakMismatch
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Results of Subjective Test

In the following, we use the terms ‘Much Better’, ‘Much Worse’, ‘A Little Better’ etc. to

refer to preference choices for the quality after the artifact removal process. Fig. 4.11(a) shows a

histogram of preferences combining all QP values and all content. In nearly all cases, the post-

processed content was seen as either ‘Much Better’, ‘A Little Better’ or ‘Similar’. Fig. 4.11(b)

divides the data by different QP values. We observe that when QP=40, ‘Much Better’ is the most

commonly chosen response, whereas for QP=30, ‘A Little Better’ quality is often achieved by the

post-processing algorithm. When QP=20, the overall quality is high and there is little noise, so

‘Similar’ is chosen most often. Nonetheless, for nearly one third of the cases, the algorithm shows

some improvement.

Figure 4.11: (a) Preference bar plot for all QP values and all data. (b) Preference results
across different QP values.

In considering different kinds of data, first we look at results for the 5 sequences (Fig. 4.12).

For Soldier, the percentage of cases where ‘Much Better’ is chosen is lower than for the other

sequences, because the texture of Soldier is more complex and that tends to mask the distortion.

When we look at results for different QP values (Fig. 4.13), conclusions similar to those for

Fig. 4.11(b) could be drawn; when QP=20, ‘Similar’ is chosen the most, but with QP=30, the

post-processed quality tends to be ‘A Little Better’ and tends to be ‘Much Better’ when QP=40.
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One interesting observation is that when QP=40, subjects tended to rate Basketball, Exercise

and Redandblack, ‘Much Better’ more frequently than for the other two sequences. These three

sequences are not fast motion, and all have skin showing, where the smooth texture makes PC

cracks highly noticeable. In contrast, for Soldier, the texture is complicated which makes it harder

to notice the noise, and for Dancer, the motion is fast which also can mask the noise.

Figure 4.12: Preference for post-processed PC sequences combining all QP values

Figure 4.13: Preference for post-processed PC sequences for different QP values. (a)
QP = 20, (b) QP = 30, (c) QP = 40.

There are 9 static objects, of which 5 are single frames taken from the 5 sequences. The

results for those 5 static frames are shown in Fig. 4.14. Results are somewhat similar to the

69



dynamic cases. However, for QP=40, Dancer has more subjects choosing ‘Much Better’ quality.

Unlike the dynamic case, where there is both fast motion of the dancer in the PC, as well as a slow

motion trajectory from the virtual viewing camera circling around the dancer, in the single-frame

case, there is only the slow camera trajectory, so the masking effect from fast motion is gone, and

subjects more strongly prefer the post-processed version.

Figure 4.14: Preference for post-processed versions for 5 static frames across different
QP values. (a) QP = 20. (b) QP = 30. (c) QP = 40.

Results for the remaining 4 static objects are in Fig. 4.15. Skull has subtle fine-grained

texture, Can is a cylinder, and Earth-simple has the same geometry but slightly more simple

texture than Earth-complex. For Can, for all QP values, de-noising achieves ‘Much better’

quality because the shape is very smooth and simple, and in parts the texture is smooth as well,

so the noise is very obvious. When QP=20 and 30, Earth-simple has slightly more people

preferring the post-processed version than for Earth-complex, possibly because there is slightly

less texture-masking effect.

Significance Test and Visual Results

To compute a significance test, ‘Much Better’ and ‘A Little Better’ are combined together

as ‘Better’; likewise ‘Much Worse’ and ‘A Little Worse’ are combined as ‘Worse’. We use

the Bradley-Terry model from [90], and handle the responses of ‘Similar’ as in [91]. We use a

one-tailed t-test for which the null hypothesis is that the probabilities for ‘Better’ and ‘Worse’
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Figure 4.15: Preference for post-processed versions of 4 static objects across different
QP values. (a) QP = 20. (b) QP = 30. (c) QP = 40.

Figure 4.16: Visual examples with noise regions circled.
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are the same, against the alternative hypothesis that ‘Better’ is more likely than ‘Worse’. The

null hypothesis is rejected for all three QP values; P = .001 when QP=20 and P << .001 when

QP=30 and 40. The algorithm improves visual quality for compressed PCs, and P values decrease

with increasing QP.

Fig. 4.16 presents a few visual examples for our whole pipeline to illustrate the improve-

ments.

Comparison with Other Methods

While there is no PC processing method in the literature that aims to both remove outliers

and fill holes, we can compare our approach against algorithms that do the tasks separately.

Fig. 4.17 presents visual comparisons of our outlier removal approach with the methods in [69]

and [72]. A bilateral filtering approach for 2D images is extended to 3D PC space in [69]. It

performs well when the noise is Gaussian as shown in [69], but fails on these V-PCC outliers. A

neural network PointCleanNet is used in [72] to remove outliers; it processes the whole PC with

small local patches. The computational complexity is high, with about 20 minutes required to

remove outliers on a PC of 0.8 million points with the help of a GPU.

For crack filling, we compare with [83], which claims to outperform its four competitors.

The method in [83] divides the whole PC into thousands of overlapped cubes. For any cube that

needs inpainting, they find the most similar cube among the remaining cubes and directly rotate

and transform it to replace the cube with artifact. Visual results are in Fig. 4.18. While their

method might work well for the artifacts in [83], it does not do well for the V-PCC crack artifacts,

possibly because many cubes have cracks; the method in [83] might replace a bad cube with

another cube that has an artifact, resulting in additional artifacts as shown in Fig. 4.18. As they

directly take points from another cube, the points on the boundary of the cube could also add

unexpected noise. The computational complexity is high compared with our proposed method

because they need to iterate over all cubes to find the most similar one. Using a cube size of
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Figure 4.17: Outlier removal: Visual comparison with bilateral filter and PointCleanNet
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30× 30× 30, each cube with holes needs 45 seconds to find its most similar cube, determine the

rotation and transformation matrix, and replace the points in the original cube. With more than

1000 cubes that are considered to need fixing, the approach is considerably more complex than

our proposed method.

Compared to other methods in the literature, the proposed approach performs well on

point clouds which have been decompressed and reconstructed using V-PCC, by taking advantage

of patch information from the compression to both locate and correct artifacts.

Figure 4.18: Crack filling: Visual comparison with the method in [83].

4.4 Conclusion

In this chapter, we categorize different types of artifacts that occur during the V-PCC

pipeline. In particular, outliers and cracks are specific geometric artifacts which tend to occur

at V-PCC patch edges and also at places where the patch projection direction is not close to the

normal vector for a point. We propose specific methods to locate and remove outliers, and also

to locate and fill in cracks. We conducted a subjective test to evaluate our proposed method.

From the results of the subjective experiment, we conclude that our artifact removal algorithm
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provides significant visual quality improvement for PCs that are reconstructed after V-PCC

compression. In general, there is a trend that the artifact removal process tends to achieve more

obvious improvement of visual quality with increasing QP. The improvements were more modest

but still significant for cases where complex texture or fast object motion could mask the noise,

and the improvements were strongest for cases where very smooth texture (such as human skin),

slow motion, and simple shapes made the artifacts more obvious.

Chapter 4, in part, is a reprint of the material as it appears in the paper: K. Cao and P.

Cosman, “Denoising and Inpainting for Point Clouds Compressed by V-PCC,” submitted to IEEE

Transactions on Circuits and Systems for Video Technology. The dissertation author was the

primary investigator and author of this paper.
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Chapter 5

Conclusions and Future Work

Adding scaling modules to the original V-PCC framework improves compression flexibil-

ity. Similar to the situation for 2D video, downscaling and upscaling as part of the compression

pipeline tends to produce better quality when the bit rate is constrained to be low. A patch-aware

averaging filter is proposed to remove most outlier points caused by scaling. The averaging filter

generates slightly lower MSE than the median filter and a weighted filter. The experimental results

on 2D PSNR and 3D MSE show that our method performs well both on objective evaluation and

on subjective visual quality. Among the four different interpolation choices, donwscaling the

best performance is achieved in terms of MSE when nearest neighbor interpolation is used in the

scaling modules at both the encoder and decoder.

Point cloud compression was shown to be better for low bit rates regardless of the

observation distance, whereas mesh compression is preferred when the observation distance is

close and the bit rate is not low. When the bit rate is high, there is little difference between the

two representations.

For the two representations, the proposed two models that estimate people’s opinion

scores fit the experimental data well under cross-validation and the model can be used to choose

a representation based on observation distance and target bit rate.
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In addition, a general trend is found that reducing the number of mesh triangles or reducing

the number of cloud points improved visual quality at low bit rates when compression. Such

reductions are not routinely considered part of the compression pipeline for 3D content, but our

finding fits the well-known result for 2D content that spatial down-sampling is useful at low bit

rates (see, e.g., [64, 65]). Such reductions can play an important role in preserving quality at low

bit rates for 3D content as well, and would be worthy of a further subjective study.

There remains considerable room for further study of subjective quality of PC and mesh

compression. We chose the bit rate and the observation distance for a compressed point cloud

because they are two very important factors which affect quality, and which also do not require

any computation on the actual distorted sequence at the decoder. With increased complexity, there

are many other factors which affect quality at a given bit rate and given observation distance, such

as the color variation in the texture, the inherent geometric complexity of the sequence, or the

rapidity of the motion. Prediction of head and eye movement based on past movement or based

on saliency has been carried out for 360 degree video [92, 93], and such work could inform the

compression approaches as well as the viewing trajectories for future subjective experiments. For

future work, more factors could also also be considered, such as the sequence’s complexity in

geometry or texture, or the rapidity of motion, to make the prediction of quality more accurate.

One limitation of this study is the limited number of sequences used as the test data set. A larger

number of test sequences that can cover diverse visual content should also be involved in future

work.

Different types of artifacts are categorized that occur during the V-PCC pipeline. In

particular, specific geometric artifacts, outliers and cracks, tend to occur at V-PCC patch edges

and also at places where the patch projection direction is not close to the normal vector for a

point. Those artifacts can be located and removed by our proposed methods, and we showed that

this provides significant visual quality improvement for PCs that are reconstructed after V-PCC

compression.
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There is a trend that the artifact removal process tends to achieve more obvious improve-

ment of visual quality with increasing QP in general. The improvements were more modest but

still significant for cases where complex texture or fast object motion could mask the noise, and

the improvements were strongest for cases where very smooth texture (such as human skin), slow

motion, and simple shapes made the artifacts more obvious.

While the hyper-parameters chosen worked robustly across a range of QP values and

different contents, in future work, the algorithm parameters could be tailored to the QP and/or

to the level of masking. For example, in cases of fast motion, complex texture, and/or complex

geometry, the algorithm could ignore small cracks, or in cases of severe quantization, the algorithm

could allow more loops of crack filling.
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