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Abstract. Virtual reality (VR) systems use multi-modal interfaces to
explore three-dimensional virtual worlds. During exploration, the user
may look at different objects of interest or in different directions. The
field of view of human vision is 135° x 160°, but the one requiring the
highest resolution is only in 1.5° x 2°. It is estimated that in modern VR,
only 4% of the pixel resources of the head-mounted display are mapped
to the visual center. Therefore, allocating more computing resources to
the visual center and allocating fewer viewpoint prediction rendering
techniques elsewhere can greatly speed up the rendering of the scene,
especially for VR devices equipped with eye trackers. However, eye track-
ers as additional equipment may be relatively expensive and be harder
to use, at the same time, there is considerable work to be done in the
development of eye trackers and their integration with commercial head-
mounted equipment. Therefore, this article uses an eye-head coordina-
tion model combined with the saliencey of the scene to predict the gaze
position, and then uses a hybrid method of Level of Detail (LOD) and
grid degeneration to reduce rendering time as much as possible without
losing the perceived details and required calculations.

Keywords: VR - Hierarchical rendering - LOD - Hand track -
Eye-head coordination

1 Introduction

1.1 Significance

With the development of new technologies such as ray tracing, the fidelity and
fineness of computer graphics are increasing day by day, but at the same time,
the pres-sure of graphics rendering on graphics hardware is also increasing. The
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emergence of VR technology has further increased the computing power require-
ments of graphics rendering, which makes it paramount that we optimize our
rendering technologies as much as possible. On this issue, our viewpoint pre-
diction driven hierarchical rendering technology is based on the principal that
human vision has a focused range.

Considering the real-time requirements of VR applications [6, 8], the efficiency
of the viewpoint position prediction method also needs to be carefully consid-
ered. The focus of conventional visual saliency prediction work [1] is mainly on
the accuracy of the algorithm, but it does not provide real-time performance
guarantee for VR applications. Hardware-based eye tracking is better suited to
meet real-time requirements, but this method is limited by the cost of hardware,
delay and other factors, in comparison, the model based on eye-head coordina-
tion, has fewer limitations and can be better to meet the real-time viewpoint
rendering requirements of VR applications.

In terms of hierarchical rendering, this article adopted a hybrid method of
LOD and mesh degeneracy: after degenerating the model once, using the retained
vertices as the skeleton, the simplified model and the original model are saved
separately, and then during the rendering process, the mesh near the viewpoint
is merged back with the original model. This method can achieve grid-level
precision adjustment. At the same time, no new grid simplification calculation
is required during the movement of the viewpoint, which greatly reduces the
calculation resource occupation of the GPU part.

1.2 Article Structure

The main operation processes of this method are loading the model and perform-
ing simplified model calculations. In this step, one or more simplified models are
generated for each object, and the incremental data between the models at var-
ious levels is saved, as well as the rendering cycle. The viewpoint prediction
algorithm and the model stitching step based on the predicted viewpoint are
performed in this step. In the last step, the observer’s current visual attention
point position is predicted, and the model grid near the viewpoint is restored to
a high-precision state.

Fig. 1. Software-based predictive viewpoint following rendering framework in VR
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2 Related Works

2.1 Visual Saliency Prediction

Visual saliency prediction is a research hotspot in computer vision. Inspired
by the neuron structure of the primate visual system, in their paper Laurent
Ttti, proposed a classic visual attention model [4], which uses multi-scale image
features to calculate saliency maps. After that, many models were proposed,
such as the use of graph theory, the introduction of Markov absorption chain;
layer extraction and training SVM for detection; the image is divided into local,
regional, and global, and the center is obtained after multi-scale comparison
peripheral histogram. Along with the progress of deep learning, the detection of
saliency areas based on convolutional neural networks also appeared [5,10,12].
Sitzmann. [11] discussed the saliency of VR in static images. Xu, Proposed a
gaze prediction model in dynamic360° immersion video [13].

2.2 Eye-Head Coordination

The eye tracker can measure eye movement and give the eye fixation position,
but the cost of using the eye tracker is too high, plus it also has a certain delay,
making it difficult to calculate the real-time eye focus position. Thus, software
based real-time prediction is extremely important. Eye-head coordination refers
to the coordinated movement between the eyes and head, which has been studied
in the fields of cognitive science and Neuroscience. Yarbus [14] found that the
eyes and head are in coordinated movement during gaze transfer, and there
is a connection between eye-head coordination and visual cognition. In some
studies [15], it was found that there is often a delay between eye movement and
head movement, and eye movement usu-ally occurs before head movement. Most
studies on eye-head coordination have focused on the relationship between the
magnitude of head movement and eye movement, and found that the two are
closely related. In VR systems, head motion information appears to be extra
critical and important, based on a large number of head-eye movement data
sets, Hu [3] obtained the correlation between head movement and eye position.

2.3 Model Simplification Algorithm and Hierarchical Rendering
Method

Model reduction algorithm. The edge collapse algorithm was proposed by Hugues
Hoppe [2] as a progressive mesh implementation in 1996. The basic operation
process of edge collapse is to select an edge in the grid and delete it, and merge the
vertices at both ends into one point. Each time the edge collapses, two triangles
are reduced from the mesh. After this process is repeated, the number of triangles
in the grid can be continuously reduced to simplify the model. Low Kok Lim [7]
proposed an algorithm that uses clustering algorithm for model simplification
in 1997, directly interpolating and merging the set of vertices considered to be
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close to each other in the grid, means that we can greatly reduce the number of
vertices and faces.

Hierarchical rendering method. Face culling algorithms are widely used in
modern rendering systems. The most basic method for face culling is back culling,
further algorithms are occlusion culling and frustum culling, that is, objects and
triangles that are not currently in the view cone are not rendered. In the level
of detail (LOD) method, we set several models with different levels of fineness
for the same object, or even in some cases not render the object, and the LOD
method fits well with viewpoint prediction.

3 Content and Methods

The algorithm in this article is mainly comprised of two parts: the first part is
view-point prediction, and the other part is to perform hierarchical rendering
optimization based on the results of viewpoint prediction. The following text
will explain these two aspects in detail.

Algorithm 1. Gaze Prediction

Input: angleX,angleY (set of head rotation degree), time(set), velX,velY (set of
head move speed), accX, accY (set of head move acceleration), meanGazeX Static,
HeadVelXThresMin, HeadV el XThresMax

Output: resultX resultY (degree of gaze line)

1: cal accMeanX,accMeanY;

2: cal velStdX,velStdY;

3: for z in angleX do

4: if wvelX in StaticRegion then

5: result X=meanX

6: else if velX in Intentional MoveRegion then
7 resultX=calX ()

8: else if velX in SuddenMoveRegion then

9: resultXX=meanX

10: end if

11: end for

12: for y in angleY do
13: if wvelY in StaticRegion then

14: resultY =meanY

15: else if velY in Intentional MoveRegion then
16: resultY =calY ()

17: else if vel in SuddenM oveRegion then

18: resultY =meanYy

19: end if

20: end for




5 P. Lu et al.

3.1 Viewpoint Prediction

The eye-head coordination model is predicted, mainly based on head movement
information. In addition, the gaze behavior in VR is a complicated pattern,
which is affected by various factors such as content, task, delay and so on. The
eye-head coordination model used in this article can explain the real-time gaze
behavior of users when exploring the virtual environment in chronological order.
The specific formula [3] is as follows:

Ty(t) = Qg - Vha(t + Atg1) + Be - Qpg(r) + Fo(t + Atyo) + Go(t) + He(t) (1)

Yg() = vy - Opy (t + Aty1) + Fy(t + Atya) + Gy (t) + Hy(t) (2)

The model separates horizontal and vertical calculations, and combines the
angular velocity and angular acceleration of head movement, delay of eye move-
ment and head movement, content, tasks and other factors. ag,a,,0, are the
influencing coefficients of various factors, which are solved by further fitting the
data. The model is divided into three independent areas of static, intentional
movement and sudden movement according to the angular velocity of the head
movement. When in the static area or sudden movement area, the user’s gaze
position is less relevant to the head movement, and is mainly affected by the
scene content, the user’s psychology, and the influence of factors such as state,
emergencies, etc., while in the intentional movement area, the position of the
user’s gaze on the screen is strongly linearly related to the rotation speed of the
head. Algorithm 1 shows the pseudo code of the final prediction algorithm.

3.2 Hierarchical Rendering

In order to cooperate with the viewpoint prediction algorithm, the graded ren-
dering algorithm of this article should meet the following requirements:

1. The rendering fineness can be determined according to the distance of the
object from the viewpoint.

2. The rendering fineness of only part of the object can be reduced.

3. Do not add too much computing burden to the CPU.

To this end, the following article designed a multi-precision stitching algo-
rithm, which is based on real-time grid degeneration, and drawing on the idea of
LOD. This algorithm will simplify the model mesh to different levels when the
model is first loaded, and save the simplified model and the vertices and faces
that have changed during the simplification of each level, so that any part of the
model mesh can be restored to high precision when necessary. This algorithm
consists of simplification and splicing.

The simplification algorithm is similar to the edge collapse algorithm, but
vertices are deleted instead of edges. The algorithm first scans all the vertices of
the model, if the vertices are on a sharp edge or corner, they are important for
maintaining the outline of the model and cannot be deleted, otherwise, check if
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Algorithm 2. Simplify
Input: V(set of vertices), T'(set of triangles),threshold

Output: V’(new set), T’(new set), delta(dealt data needed by the recovery algorithm)
1: set C={}; set D={}; set A={};

2: for v in V do

3: bool canCull=true;

4: for t1,t2 int € T | t contains v do
5: if angle(t1,t2) <threshold then
6: canCull=false;
7 break;
8: end if
9: end for
10: if canC'ull then
11: for v2 in ¢ € V | x and v are connected by an edge do
12: if v2 in C then
13: canCull=false;
14: break;
15: end if
16: end for
17: end if
18: if canC'ull then
19: C.add(v);
20: end if
21: end for

any vertex is directly connected to it, if none of them are marked deleted, the
vertex is marked as remove-able. After a round of scanning, some vertices will
be marked showing that they can be deleted. Traverse this part again and delete
all the triangular faces containing these vertices. For each deleted vertex and the
surrounding triangular faces, you will get a closed polygon hole. For this hole,
choose a vertex, and divide the polygon into a series of triangles through the
diagonal line from that point, and add it to the model mesh as a new triangle.
The combination of the deleted vertex, the deleted face around the vertex, and
the newly added triangular face that fills the hole of the vertex is saved for
use in stitching. This simplification algorithm can be run repeatedly to generate
multiple levels of simplification, the pseudo code is in Algorithm 2.

Another important part is the stitching algorithm. Compared with the simpli-
fied algorithm, the stitching algorithm is relatively simple. After the viewpoint
prediction algorithm gives the observer’s current viewpoint position, scan the
delta set of objects near the viewpoint, find the vertices within a certain dis-
tance from the viewpoint, and restore them and the triangles around them to
the simplified model according to the stored data.
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4 Experiment Results and Analysis

This article implements the model in Unity, in order to compare the rendering
performance before and after enabling hierarchical rendering, we recorded the
CPU usage, GPU usage, video memory usage and memory usage under two
conditions.

As shown in Fig. 2, the model on the screen will be significantly simplified
after hierarchical rendering is enabled. Since the line of sight is on the roof of
the cabin, there is no obvious change in the details of the roof, but the model of
the tower on the left is obviously simplified.

(a)

Fig. 2. (a) Without hierarchical rendering, (b)With hierarchical rendering

After separately running the program with hierarchical rendering enabled and
following the same route in the scene, we recorded the following data in Table 1
(the system rest load has been removed). It can be seen from the table that the
GPU occupancy rate has dropped significantly after the hierarchical rendering is
turned on, indicating that our algorithm can indeed further reduce the number
of rendered triangles on the existing rendering optimization technology to reduce
the GPU load. But it is also worth noting that the CPU usage, memory usage and
video memory usage have all increased. After further testing, we found that the
CPU-intensive operation is not viewpoint prediction or model stitching, but the
process of returning new triangle data to the Unity engine after model stitching is
completed. This process involves not only copying an array, but also recalculating
normal and texture coordinates. It also takes CPU cycles to transfer vertex data
from memory to video memory. It can be seen that frequent and large-scale
modification of model data in 3D rendering is very expensive behavior.

The increase in memory usage is because when the simplified algorithm saves
incremental data, it must write some auxiliary data, such as indexes, for subse-
quent correct stitching, which causes the model to occupy more memory. As for
the increase in the amount of video memory, after analysis, it may be trigger-
ing a certain cache mechanism of the GPU, which saved some of the transition
model data to reduce the amount of memory and video memory data transfer,
but because of the fact that our model changes are too many, this mechanism
fails to effectively reduce our vertex transmission overhead.
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Table 1. System load changes when hierarchical rendering On and Off

Data Off On Rate

CPU 17% 28% +62%
GPU 80% 50% —37%
Memory 2GB |3.8GB|+90%
Video memory | 1.1 GB | 1.7 GB | +54%

5 Conclusion

The hierarchical rendering method in this article achieves automatic grid-level
accuracy adjustment by mixing LOD and model degeneracy methods. At the
same time, with the help of the viewpoint detection algorithm, we can use a
more aggressive optimization algorithm to further reduce the number of triangles
that the GPU needs to render based on the existing optimization algorithm. In
the case of highly complex scenes or heavy rendering loads such as VR, GPU
performance becomes a bottleneck, the group’s hierarchical rendering method
can effectively reduce the GPU load at the cost of CPU load, thereby achieving
a higher display frame rate and a smoother visual experience.
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