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Abstract

With the development of three-dimensional
(3D) printing, virtual reality (V&), and augmented
reality (AR), a method to accurately determine the
structures of 3D objects in various fields including
computer-aided design (CAD) is required. However,
unlike two-dimensional structures, analyzing 3D
structures is highly problematic in terms of
processing speed because the involvement of large
number of data. In general, although it is possible to
formulate an algorithm based on contact
determination to achieve drawing at high speed, it is
impossible with such an approach to capture the
shape of the structure itself and therefore it cannot
be used directly in CAD or 3D printing. Herein, to
capture the structure, stereoscopic angles are used
to perform internal and external determination for
any point in three dimensions. However, the
algorithm using the solid angle can be accurately
internal and external determination, whereas a
method using a conventional central processing unit
with a simple triangular function is very problematic
in terms of speed. From the above, to focus on the
effectiveness of the parallel arithmetic when
performing the internal and external determination
in accordance with the algorithm using the
stereoscopic angle, this study proposes a high-speed
determination method using general-purpose
graphics processing unit (GPGPU). In addition, by
extending the idea of the 3D angle, it is shown that
the shape can be captured accurately and quickly
even for a complex shape (a 3D object including
layering) inside another complex shape.

Keywords — CUDA, Parallel Computing, GPGPU,
Internal and External Analysis.

I. INTRODUCTION

With the development of three-dimensional (3D)
printing, virtual reality (VR), and augmented reality
(AR), the need to capture accurately the structures of
3D objects including those with complex shapes also
increases [1, 2]. In general, 3D analysis is difficult
because it results in more data than do two
dimensions, the main problem being the processing
speed. To display objects at high speed in drawings

or the like, contact-determination algorithms are
often used for the 3D shapes [3, 4]. Although this
method allows objects to be drawn at high speed by
determining their shapes from the contact, the actual
shape of a 3D object is not determined internally or
externally at any point and therefore cannot be
captured accurately. Therefore, the contact-
determination method differs from general 3D
computer graphics; to capture a 3D structure
accurately, because it is necessary to calculate the
shape including the internal structure, the amount of
calculation is increased [5, 6].

Il. RELATED RESEARCH

To determine any point of a 3D structure
accurately both internally and externally, it is
possible to extend the winding-number algorithm
using the angle of the 2D version. Therefore, in this
section, we explain the winding-number algorithm in
two and three dimensions and the general-purpose
graphics processing unit (GPGPU) used in this study.

A. An angle-based method for internal and
external determination

1) Winding-number algorithm (two-dimensional)

Internal and external determination in two
dimensions can be detected by the angle as a value
with either positive or negative sign. Internal and
external determination based on angle is shown in
Fig. 1. It is possible to determine the internal point
by setting the sum of the angles 0; to 6; from each
vertex P, to P; to 2z (e.g., Fig. 2). Alternatively, it is
possible to determine the external point by setting
the sum of the angles 6, to 6; from each vertex P; to
P; to zero (e.g., Fig. 3).

This method allows internal and external
determination even for non-convex shapes. As in the
above method, it is possible to determine whether
the sum of the angle is 2z or zero (Figs. 4 and 5) [5-
8].
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P From the above, we summarize that the internal
; and external determination of the number of vertices
is n, in 2D shape, according to

n
2m, inner
— = ) 1
w Zel { 0, outer o
i=

2) Winding-number algorithm (three-dimensional)

Using a solid angle for 3D objects allows for
internal and external determination. When using a
solid angle, with respect to shape A as shown in Fig.
6, using a sphere B of radius r, the entire sphere can
be determined to be internal from being inclusive.
By contrast, for shape A as shown in Fig. 7, when it
is external, because it is not possible to project only
a portion as a sphere C, it can be determined as
external. From the above, it is possible to perform
the determination. Meanwhile, for 3D space, we
cannot define the order of data entry in a fixed
direction, and entries must be in a fixed direction
relative to each polygon. In other words, because
positive and negative determination cannot be made
as shown in Fig. 1, in the case of a solid angle (3D),
determination is made as shown in Figs. 8 and 9 [5,
6, 8].

Fig 5. Example determined to be outside Fig 7. When outside
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However, because this definition is in
conjunction with the coordinate input method for
polygons in general programming, it has high
affinity with the algorithm in the present study [9-
12].

For a specific calculation method, we use

S=<29i—(n—2)n>xr2 (n=3)

i=1
m
4w, inner
Su =) 5 ={"G er =1 (2)
j=1

However, 6 corresponds to Fig. 10 [6], the radius r is
unity and m is the number for the polygon
comprising the 3D object.

Fig 8. Example of positional determination negative in
relation to a polygon

Fig 9. Example of positional determination positive in
relation to a polygon

B. High-speed determination method using
GPGPU

1) Development environment by CUDA using
GPGPU made by NVIDIA

CUDA is a parallel computation platform and a
programming model for conducting general-purpose
computation using a graphics processing unit (GPU)
installed on a NVIDIA-made graphics board.
However, CUDA often also refers to the
programming model and language as well as
NVIDIA’s compiler and library, and in a wider
sense it can indicate the set of software for running

and executing the programming using an NVIDIA
GPU [13-17].

Py

P
Fig 10. Projecting a polygon onto a sphere

By using a conventional central processing unit
(CPU), because methods that use CUDA create huge
numbers of threads, it is generally possible to obtain
results faster. However, CUDA needs a separate
device on a computer (Picture 1) [8], and we must
write a program that has different hardware (device)
awareness, as shown in Fig. 11 [13]. Two host codes
running on the CPU side and a device code running
on the GPU side must be created (Fig. 12) [13]. In
addition, because the PCle bus is used to connect to
the device side to be processed by the host side and
the GPU to be processed by the CPU, from the
relationship of communication speed, it may slow
down in some cases (Fig. 13) [13].

From the above, we understand, because it is
not necessarily faster to use the GPU, that it is
necessary to run a program that calculates the
amount of algorithms and data.

Picture 1. PCI Express x16 Graphics Card (NVIDIA
Quadro K420)
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2) Parallel computation by GPGPU

The structure of the GPU varies depending on
the model and the core generation, but it basically
comprises a large number of streaming
multiprocessors in the GPU chip and the processing
unit of the streaming processor that exists inside it.
Although there are a number of processing units, it
has a limitation that it is not possible to perform
complex processing, unlike a CPU does. For
example, control flow is a fundamental construct in
any high-level programming language [13]. GPUs
are comparatively simple devices without complex
branch prediction mechanisms. Therefore, because
the operating frequency of GPUs is generally low,
they perform slower than CPUs.

CUDA is a single-program multiple-data
programming model implemented on single-
instruction multiple-data (SIMD) hardware [17, 18].
A large number of processors execute the same
instructions in the thread program of the same kernel
for each datum. In other words, unlike a multicore
CPU, where different processors execute different
instructions, in GPUs, all the processors execute the
same instruction at the same time. Therefore, it is
impossible to use GPUs for a general-purpose
program, whereas independent, parallel operations
with no dependencies between threads can be
performed at high speed.

However, in the case of a general scientific and
technical calculation, as the calculation involves
dependency, the operation is performed efficiently
by using SIMD and its extended version single-
instruction multiple-thread (SIMT) [18, 19]. In the
case of the SIMT architecture, however, the number
of threads executed in a single instruction sequence
differs, depending on the technology. For example,
in the case of AMD, 64 threads are known
collectively as a wavefront, and in the case of ARM,
the Bifrost GPU is called the Quad, as collectively
four threads [20-22]. Also, in the case of NVIDIA,
which is used in the present experiments, 32 threads
run collectively and are known as the warp.
Therefore, it is necessary to develop systems in
accordance with the use environment [19, 23-24].

3) Method for controlling threads using grids and
blocks

The CUDA, developed and provided by
NVIDIA, performs at high speed by using a large
number of threads. However, it is implemented
using the grid size and thread block, because
managing a large number of threads in a program is
very difficult as well as not appropriate [13-16].
Therefore, CUDA exposes a thread hierarchy
abstraction to enable one to organize one’s threads.
This is a two-level thread hierarchy that is further
divided into blocks of threads and grids of blocks, as
shown in Fig. 14 [13]. All threads spawned by a
single kernel launch are referred to collectively as a
grid, and a grid comprises many thread blocks. In
the generation of threads, the grid is organized as a
limit for the 3D array of blocks. Similarly, each
block is organized as an upper bound for the 3D
array of threads [13-16].

The number of threads that can be generated
depends on the device’s generation and model
number, but if the device is the Pascal generation,
then implementing it as a 3D sequence of the thread
block (1024, 1024, 64) and the grid size (2°'-1,
65535, 65535) is possible [13-16, 23].

Host

Device

Grid
Block
(0.0)

Block™
1700, 1)

Block
(1.0)

Block
(L1)

Block(1,1)

Thread || Thread
(0.0) || (1,0)

Thread || Thread
(L1) fj(2.1) ) (3.1)

Thread
(1.2)

Thread
(2,0) || (3.0) || (4.0) |

Thread
(0.1)

Thread
(0,2)

Thread
(2.2)

Fig 14. A two-level thread hierarchy
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I1l. RESEARCH CONTENT

The purpose of this study is to make the
internal and external determination fast and accurate
for complex shapes with layering by using solid
angles. With the algorithm using solid angles as
described above, it is difficult to obtain results at
high speed because the calculation is generally
complicated. However, by using CUDA, it is
possible to achieve the desired speed by creating
many threads.

A. Hierarchical determination of 2D objects based
on winding-number algorithm

By using the winding-number algorithm, it is
possible to classify each closed surface by a
hierarchy. According to the algorithm described
above, if it can be determined as internal, then it
becomes 2z. By extending this method, i.e., if there
is a closed surface within the closed surface (i.e., a
second layer), it can be seen that it becomes 4z
because the apex is traced twice. Therefore, as
shown in Fig. 15, area 1 is zero, area 2 is 2z, and
area 3 is 4x, therefore it is possible to conduct
internal and external determination including the
hierarchy. The specific experimental results are
shown in Fig. 16.

As explained previously, for a 2D complex
shape having M points, the formula for internal and
external determination considering the hierarchy is
obtained by using the Eq. (3). However, k is the kth
layer and 6;, G is the angle as a value with either
positive or negative sign. In addition, I is the number
of the vertexes, the angle of vertex j of the object i is
6;; and has either positive or negative sign:

1
Wan = Z 0,
t=1
m n
(5

i=1 \j=1
2nk, inner(k thlayer)
= { - (3).

0, the outer all objects

Fig 15. If necessary

Fig 16. If necessary
m n

Wy = Z(Z 0;) =
=1

i=1

B. Hierarchical determination of 3D objects based
on winding-number algorithm

By extending the 2D winding-number algorithm
into three dimensions, it is possible to determine the
hierarchy even in the case of using a solid angle. For
example, as shown in Fig. 17, when a triangular
pyramid (object 2) is contained inside a cuboid
(object 1), it is 8x, as any point inside the triangular
pyramid is inside two objects. By contrast, the inner
point of only the cuboid (object 1), that is, not
included in the triangular pyramid (object 2), is 4x.
In addition, the point that is not included in any of
the objects is zero. Therefore, it can be seen that area
A is 8x, area B is 4z, and area C is zero. Similarly,
in the case of Fig. 18, the part where objects 3 and 4
overlap, it is 8z. In addition, the point inside object 3
or 4 is 4z, and the point that is not included in any
objects is zero. Therefore, in summary, area D is 8z,
areas E and F are 4, and area G is zero.

From the above, we deduce the following
equation:

m n
Skth(all) = Z Sij
=1

i=1 \j
4mk, inner(k thlayer)

0, the outer all objects

Here, k is the number of objects included, m is the
total number of objects, and n is the total number of
solid angles of each object.
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IV. EXPERIMENTAL

As described above, by using GPUs, when
processing the same calculation in parallel, it is
possible to output the results at high speed even if
the number of data is large. In the present study, we
verified that the results can be output at high speed
by using CUDA for a very large number of data
calculations that use trigonometric functions such as
solid angle by utilizing its properties.
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Area (C)

(@)

Object (3}

Area (D)

I
]
I
T
I
I
|
iy L
[ i ",
Area (G) e S,
h
1
I
]
|
1
]

Fig 18. Relationship between objects and hierarchies

@

A. Experimental content

The internal and external determination should
be validated in the range —50 <x <50, —50 <y < 50,
and —50 <z <50. However, the coordinates X, y, and

z of the points to be determined are all integer values.

Therefore, the number of points to be determined is
101 x 101 x 101 = 1,030,301. In the experiments,
internal and external determination was performed
for the primitive 3D shapes, as shown in Figs. 19 -
24, the vertex and surface information of which is
given in Table 1.

Because the proposed method is within the
upper limit for thread creation, each decision point
can correspond to one thread. Therefore, in
implementing using CUDA, it was defined as a grid
(16, 16, 16) and a block (8, 8, 8). However, in this

case, because it exceeds the range determined from
the relationship between the grid and the block [(16
x 8)* > 101%], we chose to discard any result outside
the range.

From the above, the algorithm using CUDA
was implemented according to the activity diagram
shown in Fig. 25. In addition, for comparison, we
implemented a method on a conventional CPU
according to the activity diagram shown in Fig. 26.

Fig 19. Box

Fig 20. Cone

—

Fig 21. Cylinder

Fig 22. Convex shape
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Table 1. Information about primitive 3D shapes

Vertices Surfaces
Box (Fig. 19) 8 6
Cone (Fig. 20) 22 40
Cylinder (Fig.21) 42 60
Convex shape (Fig.22) | 202 220
Fiq 23, Soh Sphere (Fig. 23) 382 400
g 23. ophere Pipe (Fig. 24) 80 80

B. Experimental environment

We used a GPGPU that can be incorporated into
a laptop (NVIDIA 1060GTX). The experimental
environment is a device that can be prepared
relatively easily for consumers, and we reason that
this environment is appropriate for verifying whether
it can be applied to, in future, VR and AR fields.
Specifically, we prepared the environment as
described in Tables 2 and 3. More information about
the device can be found in Fig. 27.

Fig 24. Pipe

Perform calculations using
solid angle for coordinates
(-50, -50, -50) and substitute
the result in the array (A").

Perform calculations using
solid angle for coordinates

( -50. -50, -49) and substitute
the result in the array (A’).

[ Do not display the layer
level at each point. ]

Allocate (initialize)
the array (A, A") for
layer judgment.

Copy the results of
calculating with

CUDA (A") to A.

Displays
processing time.

.
H

[ Display the layer level
at each point. |

Outputs the
result of layer
level (A).

Perform calculations using
solid angle for coordinates
(50, 50, 50) and substitute
the result in the array (A”).

N
rd

Processing by host (CPU) Processing by device (CUDA) Processing by host (CPU)
Three dimensional array : A, A’

Fig 25. Activity Diagram

s Perform calculations using Perform calculations using
Allocate (initialize) . . . .
the array (A) for solid angle for coordinates solid angle for coordinates .
Y (-50, -50, -50) and substitute (-50, -50, -49) and substitute

layer judgment. the result in the array (A). the result in the array (A).

[ Do not display the layer

Perform calculations using N
level at each point. ] Displays

solid angle for coordinates
(50, 50, 50) and substitute / processing time

the result in the array (A).
[ Display the layer
level at each point. ] o | Outputs the result | > C
7| of layer level (A).

Three dimensional array : A

Fig 26. Activity Diagram
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Table 2. Specifications of the host PC

Technical specification | Value
CentOS Linux
OS release 7.4
Compiler gcc 4.8.5
Intel Corei7-
CPU 7700HQ
2.80GHz
Memory 32 GB
SSD 512 GB

Table 3. Basic device information
Technical specification | Value
NVIDIA GeForce
GPU GTX 1060
CUDA Toolkit
9.1.85

Compiler

i |
Fig 27. Specification of device used in this experiment

V.RESULTS

Table 4 gives the time taken to output the
internal and external determination results for each
3D coordinate. In addition, the output results in
consideration of the hierarchy in Table 3 are shown
in Figs. 28-33. In outputting, the inside and outside
determination result file of each coordinate is read
and displayed using Java 3D. In all cases, the results
could be outputted accurately at high speed.

Table 4. Specifications of the host PC

Output | GPGPU [ C (5)
results ()
Box(Fig.19) Figs. 28
Cone (Fig. 20) | and 29 0.991 24.198
Cylinder
(Fig.21) Figs. 30
Convexshape |and31 | 408 | 22354
(Fig. 22)
Sphere (Fig. ]
23) Zrl]%ségz 1.768 424.22
Pipe (Fig. 24)

VI. CONCLUSION

To determine accurately the 3D structure of
complex shapes, large amounts of data must be
processed. In this study, we showed that using a
GPU allows us to obtain the results at high speed. In
general, because the numbers of vertices and
surfaces to be the target of the operation to become
complex shape increase, we reason that the proposed
method is effective. However, because this method
of using a GPU depends on the device, it is not
necessarily the optimal method for a given shape. In
future studies, we will seek the optimal thread
generation system corresponding to the device so
that decisions can be made at high speed for
complex shapes in a wider range.
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Fig 28. Sample data

Fig 29. Sample data

Fig 30. Sample data

Fig 31. Sample data

Fig 32. Sample data
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