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Abstract

Real-Time Indirect Illumination Rendering with

Dual Paraboloid Map

The indirect illumination rendering, which expresses the light expression more

finely and delicately, has been studied in the direction of approximating the

indirect lighting effect in real-time rendering environment due to the load of the

physical calculation process. Among them, the light propagation volumes

achieved the real-time performance by approximating the indirect illumination by

propagating the volume containing the light information to the adjacent volume.

However, as the size of the geometry increases, performance degradation occurs

as the reflective shadow map containing the light information is generated as a

cube map in the rendering process. Although it is possible to replace the

reflective shadow map with other types of textures other than the cube map to

reduce the occurrence of bottlenecks, distortion occurs in the nonlinear projection

transformation of other type textures. In this thesis, the reflective shadow map

of the cube map type is replaced with a dual paraboloid map to reduce

bottlenecks, and correct distortion of the dual paraboloid map using fixed-point

iterative backward warping image processing, and image processing method. In

addition, we conduct a study to increase the accuracy of the dual paraboloid

map itself by applying tessellation and fixed-point iteration backward warping.

Keywords: dual paraboloid map, fixed-point iteration, backward warping,

light propagation volumes
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Ⅰ. Introduction

In computer graphics, various shading methods have been studied for realistic

scene rendering. Among them, the global illumination simultaneously expresses

the primary direct light and the secondary indirect illumination appearing in the

light of the real world, thereby rendering the light more finely and delicately

and realizing. Direct light is light that is emitted from a light source and direct

incident to a target object, and indirect light is light that incident after light

emitted from a light source is reflected by another object. Therefore, in order to

render the indirect light effect, all factors affecting light incident on the object

have to be calculated, which is very complicated and has a large computation

load. In a real-time rendering environment, unlike simple direct light effect

computation, it was studied by approximating the effect with a very large

computational load of the physical calculation of the indirect light effect. Among

them, Light Propagation Volumes (LPV) [1] generates Virtual Point Lights

(VPL) [3] by sampling Reflective Shadow Map (RSM) [2] storing world

coordinates, normal vectors and color information. And then real-time

performance was achieved by injecting each VPL into the corresponding location

of each volume and propagating light to the adjacent volume.

However, bottlenecks caused by a cube map type RSM to represent

omnidirectional light occur during the process, rendering performance slower. As

the size of geometry increases, the bottleneck increases too. This thesis presents
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a method to replace the cube map type RSM with a dual paraboloid map type

RSM. The cube map generation requires six rendering process, but the dual

paraboloid map can be generated with two rendering process. Theoretically, a

three times increase in performance is possible, but the dual paraboloid map is

distorted due to the difference between the nonlinear paraboloid projection and

the linear interpolation of the rasterizer of modern GPU pipeline (Figure 1), and

the distortion more increases as the geometry is not dense. The paraboloid map

distortion occurs in the entire area of the dual paraboloid map surface, but there

are two conditions in which distortion does not occur. First, the distortion does

not occur in the center of the map where the normal vector of the paraboloid is

the same as the direction vector of the paraboloid. Second, it does not occur at

the location of the projection vertex position on the paraboloid map. Also, as the

distance from the center or vertex increases, the distortion rate increases as

shown in Figure 1.

As a method of correcting the distortion of the existing dual paraboloid map,

there is a study using a tessellation [4]. However, since this method performs

paraboloid re-projection based on forward warping in the fragment shader, two

times of a dual paraboloid map rendering process is required for depth

comparison. Also, distortion correction through only tessellation requires the

degree of refinement of many triangles as the area of the triangles, which are

geometric units, becomes larger, which leads to a decline in performance, which

has the same dependency on geometry as the cube map.

In this thesis, we studied correction to distortion caused by the projection of
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Figure 1. Dual paraboloid map projection distortion. (a) Normal dual paraboloid

map, (b) distortion of dual paraboloid map, and (c) Visualization of the

occurrence of distortion (Distortion occurs in areas other than the near

vertex-yellow box and the near center of the parabolic surface-red box; The

whiter color the more distortion rate).
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the dual paraboloid map by using the backward warping based on fixed-point

iteration and apply it to the LPV method to reduce the rendering bottleneck

caused by the cube map. The dual paraboloid map projection distortion causes

abnormal occlusion between the triangles in the geometry unit, resulting in a

pixel that can not be rendered. Therefore, it is not possible to completely correct

for distortion by using only the backward warping, but it can be used

effectively in the LPV method of creating the VPL by sampling the RSM.

Compared to the six renderings required for the cube map generation, the dual

paraboloid map can be generated with the two renderings, so it is possible to

lower the bottleneck for RSM generation in the LPV method. In addition, we

applied both tessellation and fixed-point iteration-based backward warping to

create a more accurate dual paraboloid map. We propose an algorithm that

determines the degree of segmentation of tessellation to a minimum, suppresses

computation load and hidden surface occur, and corrects the remaining distortion

by fixed-point iteration-based backward warping. Through this algorithm, the

distortion of the dual paraboloid map that could not be corrected only by

backward warping is corrected to generate a dual paraboloid map of increased

quality. Therefore, the contributions of this thesis can be summarized as follows.

⦁ Correcting distortion of dual paraboloid map with fixed-point

iteration-based backward warping and effectively applies in LPV method.

⦁ Increasing the accuracy of the dual paraboloid map itself for

general-purpose use using both of tessellation and fixed-point

iteration-based backward warping.
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The approximate procedure of this study is shown in the following (Figure

2). First, performs a paraboloid projection on a per-vertex unit to render a dual

paraboloid map containing distortion. The dual parboloid map is subdivided into

a suitable size by the tessellation subdivision algorithm, but distortion occurs.

Since the pixels of the distorted RSM contain world coordinates, it is possible to

obtain the actual position without distortion by simply re-transform the

paraboloid map based on the world coordinate values. Then, gradually decreasing

error to forcing the convergence of root value, and the distortion of the dual

paraboloid map is corrected through the fixed-point iteration-based backward

warping applying the absolute error and the approximate error step by step.

Next, Possion disk sampling [5] is applied to the distortion corrected dual

paraboloid map to generate the VPL. The LPV method uses the generated VPL

to obtain the information of light and it is rendering indirect illumination.

Another contribution of increasing the accuracy of the dual paraboloid map itself

is to add tessellation pass after the paraboloid projection of the above process.

After paraboloid projection, tessellation is performed according to the screen

position distance between vertices to suppress the occurrence of distortion. The

distortion corrected paraboloid map can be used not only for LPV method, but

also for applications such as shadow map, reflection mapping, and refraction

mapping that require various omnidirectional environment maps.
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Figure 2. Overview of dual paraboloid map-based LPV rendering
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2. Related Work

2.1. Indirect Illumination Lighting

Researches that physically express the indirect lighting effect that considers

the interaction of light between objects include a ray tracing method [6-8] that

tracks the path of light rays and a photon mapping method [9,10] that tracks

the path by storing photons emitted from light sources. Other methods include

radiosity method [11,12] that accumulates energy per unit area, and instant

radiosity [3] that generates VPL and uses it as a light source. However, those

methods have been mainly used in the offline environment because those

methods have a very large computation load.

Therefore, methods for approximating indirect lighting effects in an online

environment have been studied. There was a study [13] that samples the pixels

around the rendered pixels and compares them with depth values to determine

to occlude and expresses direct incoming light and uses adjacent pixels as an

indirect light source. RSM [2] expressed the effect that light is reflected once

through a shadow map containing world coordinates, normals, and color

information, and imperfect shadow map [14] generated and accumulated a low

resolution paraboloid type shadow map by the number of VPLs to solve the

indirect light visibility problem. In addition, LPV [1] expressed the indirect
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Figure 3. The process of the LPV method that renders by approximating the

indirect light effect

illumination and combine to Phong rendering (direct light) by sampling the RSM

as shown in Figure 3, generating the VPL, injecting the VPL into the volume,

and propagating it into adjacent spaces with spherical harmonics. Recently, with

the advent of new GPU hardware that adds tensor cores and ray-tracing cores

[15], real-time ray tracing enables high-quality global illumination rendering, but

there are certain hardware-dependent and still need to expensive computation

power.

2.2. Environment Map

The environment map types mainly use a cube map which does not cause

distortion due to linear projection transformation. However, in order to generate

a cube map, six renderings are required, and research has been studied to create
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Figure 4. The required number of renders for two types of environment maps:

cube map (top) required six renderings and dual paraboloid map (bottom)

required two renderings.

an environment map of a texture other type than a cube map. Among them,

studied using an omnidirectional shadow map using a paraboloid map [16] and a

dual paraboloid map [17] (Figure 4) was proposed due to hemispherical type [18]

has a high distortion rate of the outer hemispherical surface. However, the

paraboloid map has distortion due to the nonlinear of the paraboloid map
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projection transformation and the linear interpolation of the graphics pipeline.

There have been attempts to subdivide the geometry using tessellation [19], a

technique that subdivides the geometry into more vertices, and recalculates the

paraboloid transformation inside the fragment shader to reduce the paraboloid

map projection transformation distortion [4], the paraboloid distortion rate is

greatly reduced but there is a characteristic that the performance drops

depending on the size of the geometry. And, in the modern GPU pipeline

structure, it needs to two times rendering a dual paraboloid map due to the

performing depth test in the process of inserting the value into the target pixel

after the paraboloid transformation on the fragment shader.

2.3. Image Warping

Image warping simply means matching pixels based on a constant formula.

Image warping can be classified into forward warping method of calculating the

target coordinates of a pixel to be moved and backward warping method of

calculating a pixel suitable for one pixel [20]. The principle of forward warping

is simple, but the holes are occurring when a 1:1 correspondence between pixels

is not achieved, which requires additional interpolation and is difficult to

implement because it is incompatible with the structure of a modern parallel

rendering pipeline. Studied has been existed to referring to images with different

image, viewpoints or times [21-23] by generating vertex to correspond to each

pixel, but there is a great load on vertex generation. In the case of backward

warping, it is difficult to find the source pixel in the target pixel, but it is
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possible that the characteristics of the gathering method good match the modern

GPU structure and exhibit good performance. In addition, in the backward

warping, unlike the forward warping, the generation of holes can be suppressed

as the source pixel and the target pixel correspond 1: N. Research that

backward warping studied the morphing of images [24] and to reduce the

rendering load by reusing the shading values of the previous frame using

fixed-point iteration-based backward warping [25-27] has been progressed.
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3. Dual Paraboloid Map

In this section, we describe the dual paraboloid map and the paraboloid map

projection distortion that the algorithm is aiming for before describing the

algorithm. The basic principle of the dual paraboloid map is to transform the

geometry of the front and back sides of a point into the shape of a paraboloid

hemisphere, rendering the environment of 360 degrees around. Due to the nature

of the paraboloid map, the normal vectors are parallel to the direction of the

paraboloid, and the occurrence rate of distortion is low. The paraboloid equation

is defined as [16].

   


 


    ≦ (1)

The   axis tangent vector for one point  on the paraboloid surface can be

calculated by partial differentiation of Equation 1. which is the same as the

projection coordinate of the paraboloid map. The normal vector
 can be

calculated as follows through the outer product between the tangent vectors.

   ×       (2)

The paraboloid surface has a characteristic in which the sum of the incident
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Figure 5. Projection on paraboloid map

vector of the light incident in the central direction of the paraboloid surface and

the reflection vector in which the incident light is reflected from the paraboloid

surface is proportional to the normal vector
. Also, all reflection vector

directions are the same as the direction of the paraboloid. Accordingly, if a

paraboloid transformation is applied after converting vertices to view space, the

position of the camera corresponds to the origin of the paraboloid surface.

According to the rendering pipeline, the reflection vector after conversion to

view space becomes (0, 0, 1), and the inverse vector of the vertex becomes an

incidence vector, so that the normal vector can be obtained using Equation (2)
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shown as Figure 5. Therefore, the projection coordinates of the paraboloid map

can be calculated as follows.

      (3)

In the above equation,  , , are coordinates of geometries in view space.

According to the simple principle of the dual paraboloid map, the paraboloid map

projection transformation is done in the vertex shader according to the modern

rendering pipeline structure. This causes the vertices to be a paraboloid

transformed nonlinearly, but the pixels between the vertices are linearly

rasterized, which inevitably occurred distortion (Figure 1).
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Figure 6. Dual paraboloid map error correction using fixed-point

iteration-based bacward warping

4. fixed-point Iteration-Based Backward Warping

The algorithm is proposed in this thesis is based on moving the position of

pixels between vertices where the paraboloid map projection transformation is

not performed in a normal position. The error caused by the difference between

the non-linear characteristics of paraboloid transformation and the linear
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characteristics of the GPU pipeline rasterizer is difficult to find the inverse

function of locating the source pixel. Accordingly, the source pixel is searched

using the characteristic of finding the location (root) of the source pixel

naturally in the fixed-point iteration-based backward warping that is a

numerical method. In addition, it also has the advantage that holes generated by

pixels lost as the area of geometry is reduced are naturally filled according to

the fixed-point repetition. Since RSM stores the world coordinates, it can simply

calculate the normal position by simply re-projecting the world coordinates of

the pixel into the paraboloid map.

4.1. Pixel Search

fixed-point iteration-based backward warping is a principle that progressively

searches for pixels whose values match the target position. The target pixel is

searched as shown in Figure 6. by calculating the difference between the

coordinates of the current pixel and the original coordinates, that is, the

coordinate error in the original direction. The following is the distortion

correction formula of fixed-point iteration-based backward warping.

       (4)

In the above equation,  is the coordinate of the pixel,  is the coordinate of

the pixel to be searched,  is the screen coordinate after the paraboloid

conversion of the pixel,  is the number of searches, and  is the magnitude of
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the error. The target pixel is gradually searched by setting the difference

between the screen coordinates of the search object and the actual screen

coordinates of the pixel being searched to an error of distortion.

The fixed-point iteration, which is a numerical method, has the disadvantage

that the root is divergences under certain conditions. This applies equally to the

pixel search of the algorithm, but the degree of paraboloid projection

transformation distortion is inconsistent according to the size and position of the

triangle after the paraboloid transformation, so the degree of distortion of the

pixel to be searched during the fixed-point iteration is greater than a certain

level, the problem that the root cannot converge in the fixed-point iteration

occurs. Figure. 7 shows the case where the root oscillation according to the

fixed-point iteration search sequence. The target pixel to be searched exists, but

the search fails, as the size of the triangle projected on the dual paraboloid map

is large, the distortion increases and the root oscillation inside the triangle. In

this thesis, the formula for adjusting the reduction for the error was defined as

follows, so that the root converged.

     ⇒     (5)

As the fixed-point iteration is repeated, the convergence of the root is forced

by increasing the rate of the error reduction according to the characteristic

converging to the root.  is the resolution of the RSM, and if the magnitude of

the error is larger than the pixel, the reduction of the error is continuously
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Figure 7. In the case of the order of searching the source pixels based on the

fixed-point iteration on dual paraboloid map. Search failed due to root was

oscillating.
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adjusted.  is the rate of reduction of the error, and as the error is converged

to 0 more and more, the search speed decreases and the search accuracy of the

pixel increases. In this thesis, RSM for paraboloid map is aimed to be used in

LPV method. Therefore, it is experimentally set to 0.7 or the correction rate

increase.

Theoretically, the target pixel can be searched through this algorithm.

However, there is a problem that it is impossible to calculate the error when

searching for an invalid pixel such as a background during fixed-point iteration.

Since the fixed-point iteration of calculates the error of the search pixel as the

actual position of the search pixel, it is impossible to obtain the position of the

next search pixel if the value of the search pixel is invalid. In this thesis, we

continue the search through the boundary box setting method. The bounding

box setting method is a method proposed in [27] and narrows the search range

by setting a bounding box as a minimum-maximum of a motion vector. When

searching for a pixel that is not valid, we perform Possion Disk sampling area,

Which is between the previous search pixel and the current search pixel and

designate it as a new search pixel to the fixed-point iteration.
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4.2. Tolerance Setting

fixed-point iteration repetition approaches the convergence of the root as

infinitely repeated, but the exact root value cannot be known, and there is

ambiguity of repeat end judgment. Therefore, in the proposed method, an

absolute tolerance is set as below to judge the validity of the root.

 → (6)

In Equation 6.  is the resolution of RSM and  is the error magnitude of

the search pixel. From the point of view of the proposed fixed-point

iteration-based backward warping method, if the size of the error is smaller

than half of the size of one pixel, the distortion correction is completed and the

above fixed-point iteration repetition is unnecessary.

However, apart from the pixel error, paraboloid map projection distortion is

caused by the reduction of the triangular area, which is a geometric unit,

resulting in loss of pixels. Depending on the area of the triangle, the distortion

rate increases relatively and the amount of lost pixels increases. In order to

restore the lost pixel to its actual value, an additional restoration process such

as bilinear interpolation based on the value of the surrounding pixels is

necessary, but it is not suitable for the principle of the backward warping

method.
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In this thesis, the tolerance is increased to fill pixels with approximate

values. However, It is not appropriate to simply increase the error tolerance

uniformly because the difference in the distortion rate is not constant depending

on the pixel. Therefore, it is necessary to determine the completion of the

fixed-point iteration according to the approximate error[28] used to determine

the completion of the root in the numerical analysis approach.

   ×
 → (7)

In the above equation, the approximation error is calculated using the error

size  of the current search pixel and the error size   of the previous

search pixel to determine the completion of the search for the target pixel. The

 is the number of significant figures[29]. Figure 8 shows the difference in

results according to the proposed algorithm. In addition to distortion correction

of the dual paraboloid map, it is possible to visually confirm that a significant

difference has occurred in the rendering of the indirect lighting effect of LPV

using RSM sampling.

In this thesis, the non-missing pixel values are determined by Equation 6.

and the approximate value of the lost pixel is searched by the degree of error

according to the increase of the search frequency as Equation 7.

In the case of search count, as shown in Figure 9, the search is almost

completed in 16 times. Since the absolute error is applied in the early part of

the search and the approximate error is applied in the second part of the search,
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Figure 8. Comparison after applying each of our algorithms to fixed-point

iteration -based backward warping. Result of (a) basic fixed-point iteration

backward warping, (b) applying gradual error rate reduction, and (c) applying

tolerance Setting and gradual error rate reduction.
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Figure 9. Synthesis result of direct light rendering and indirect light rendering

our method.

the search is rapidly completed in the second half of the search.

Figure 10. shows the final result through direct light (Phong) rendering and

synthesis after rendering the indirect light using LPV -based on the dual

paraboloid map proposed by this thesis, and the light expression is expressed in

more detail.
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Figure 10. Target pixel search rate according to the number of fixed-point

iterations. Search count (a) 1, (b) 4, (c) 7, (d) 10, (e) 13, and (f) 16 times.
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그림 11. Comparison of the size of the region where distortion of

paraboloid transformation occurs due to the application of tessellation

5. Tessellation-Based Dual Paraboloid Map

In this section, we define an equation that determines the degree of

subdivision of tessellation. The tessellation is simply a technique for splitting

geometry (triangle or quad). In the previous study, tessellation-based study [4],

detailed equations and methods are not provided, and there are parts that do not
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fit with the modern GPU structure. This study performed a paraboloid

re-projection step in the fragment shader after the tessellation process. However,

in order to completely remove the distortion of the dual paraboloid map by

tessellation only, the vertex after the paraboloid map projection transformation

must be within one pixel. Also, since the level of subdivision of tessellation is

limited, it is necessary to go through the process of further correcting the

distortion. therefore, they performed correction using a method similar to forward

warping but depth test requires two times rendering. They performed atomically

a minimum depth rendering at the first path and rendering distortion correction

result by compared depth of fragment to the minimum depth at the second path.

In addition, in the case of the forward warping, there is a problem in that the

quality of the dual paraboloid map is lowered by generating a hole.

In this thesis, we define an equation that determines the degree of

subdivision of tessellation according to the distance between vertices. In addition,

unlike the previous study, an additional pass is used to correct the remaining

paraboloid transformation distortion by backward warping. The backward

warping is performed in the way described in the previous section, but 0.9 error

rate reduction is applied. The degree of tessellation is divided into an outer

factor that determines the number of divisions of the triangle's outer line and

an inner factor that sets the degree of division inside the triangle. In this thesis,

we defined the formula to determine the triangular division factor heuristically

according to the size of the triangle as follows.
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    (8)

i f  max  × (9)

Equation 8. is a formula for an external factor, which calculates the length of

the sides with the positions  and 
of the two vertices of one end of the

triangle, and sets the patch so that one side of the triangle is divided every  .

Equation 9. is an expression for the internal factor, which divides the maximum

height of the three sides of the triangle into units. It was reflected that the

inner patch of the triangle was twice as many as the rounded number. In this

thesis, the experiment was conducted by setting the unit of  to 0.1, which is

ten times the distance between pixels.
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Figure 12. Four scene used for our experiments. (a) Armadillo(AD, 133,968 tris).

(b) Crytek Sponza(CS, 262,267 tris). (c) Toys(TS, 574,765 tris). (d) Ruin

City(RC, 1,205,059 tris).

6. Result

Experiments in this thesis were performed on Intel Core i9-9900K 3.6GHz,

NVIDIA RTX 2080Ti, and 32GB System Memory environment. Four scenes

were used in the experiment, and the configuration is shown in Figure 12. Since

the LPV method approximates the indirect lighting effect, there is a limit that

distortion is caused, but also has an advantage of achieving real-time

performance due to the indirect lighting effect approximation. Therefore, this
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experiment compares the performance and quality with the LPV (2048 VPL)

method based on the existing cube map type RSM (CM). We compare the

indirect light effect (LPV) to dual paraboloid map type RSM (DPM), distortion

corrected dual paraboloid map using the tessellation (TDPM, Section 5.),

distortion corrected dual paraboloid map using the tessellation and backward

warping(TWDPM), and distortion corrected dual paraboloid map using the

backward warping of this thesis method to the indirect lighting effect based on

CM type of RSM. Previous studies that corrected the distortion using actual

tessellation and forward warping did not add to most experiments because the

quality was much worse such as Figure 17. than before distortion correction. A

reference dual paraboloid map for comparison is generated by sampling the

rendered CM. we calculated for pixel's paraboloid map surface coordinate using

the pixel's screen x, y coordinates and equation 1. Then, using the coordinates

of the parabolic map as a normal vector, fetching the values of CM generated a

reference dual paraboloid map. The screen resolution was 1920 × 1080, and the

RSM was rendered at 1024 × 1024.
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Figure 13. Final synthesis results of indirect (LPV) and direct light (Phong)
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6.1. Quality

The final composite result using this algorithm is shown in Figure 13. Direct

light was rendered with Phong rendering, and indirect light was rendered using

a distortion correct dual paraboloid map RSM-based LPV, and each rendering

result was synthesized. Compared to the result of applying only direct light, the

dark and light contrast of the object becomes more pronounced according to the

distance from the light source, and the light is reflected to mix the colors

between the objects, giving the object a sense of volume and realism.

The quality comparison was done by rendering only indirect light. The

quality of the scene is shown in Table 1, and the LPV-based indirect lighting

effect of DPM showed a marked deterioration as shown in Figure 14. The

average quality of LPV-based on WDPM is about 9.64 dB higher than

DPM-based LPV and about 6.63 dB higher than that of TDPM-based LPV. The

quality of the indirect lighting effect of DPM and TDPM was the lowest in the

TS scene because of the large paraboloid projection distortion of the TS scene.

As can be seen in Figure 15, the minimum quality also showed that WDPM

was higher than other methods. The minimum PSNR of 26.98 was measured in

the TS scene where the distortion rate by paraboloid projection was the largest,

and the quality of 30 dB or more was confirmed in all frames measured in

other scenes. The quality of TWDPM was overall higher than that of TDPM

but lower than that of WDPM.



- 32 -

Figure 14. Comparison of rendering quality of indirect lighting by dual

paraboloid map projection projection distortion correction in CS scene
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Method
AD

(416 frames)

CS

(416 frames)

TS

(416 frames)

RC

(416 frames)
Average

DPM 28.04 30.44 16.30 26.78 25.39

WDPM 40.07 35.40 32.29 32.36 35.03

TDPM 32.21 28.97 22.80 29.61 28.40

TWDPM 32.40 29.27 25.08 30.53 29.32

Table 1. Average quality (PSNR) of LPV indirect illumination

Figure 15. The LPV indirect illumination quality (PSNR) by RSM type per

frame

From the perspective of a dual paraboloid map, the error rate of WDPM it

seems to be high as shown in Figure 16. and Figure 17. This artifact occurs

because the target pixel is a missing pixel, or the fixed-point iteration fails by

searching for an invalid pixel despite using the bounding box setting method.
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Figure 16. Comparision of difference TDPM and WDPM in RC scene

However, the quality of the indirect lighting effect based on the LPV method is

measured to be high on average, so we think that the error of the sampled

pixel when generating the VPL is substantially low. In addition, the other reason

is shown in Figure 1. Because the distortion of the center of the dual paraboloid

map is lower than the side and the center of the dual paraboloid map is close

to the object, the light of illumination is strongly expressed, and the side is far
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from the object, so the light intensity is weakly expressed. Therefore, pixels

that are lost due to the occluded geometry do not appear to be an important

part of expressing indirect lighting using the LPV technique.

The result of increasing the quality of the dual paraboloid map using

tessellation and backward warping is shown in Figure 17. The result was

0.53dB minimum and 4.51dB higher than the result using only tessellation. Also,

The method of correcting distortion by forward warping after tessellation[4] was

measured to have a very low quality than the method using TDPM. It seems

that the hole is generated by the characteristic corresponding to 1: N of the

pixel of forward warping, and the accuracy is deteriorated. The quality was the

lowest measured in the TS scene. The quality was the lowest measured in the

TS scene because the paraboloid projection error was too large even with

tessellation to limit distortion correction. This seems that the error can be

reduced by adjusting the degree of subdivision of tessellation in Equations 8 and

9.
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Figure 17. Comparison of distortion correction for dual paraboloid map based on

tessellation
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6.2. Performance

The performance of this algorithm was measured by setting one light source,

and it is shown in the graph of Figure 18. The generation rate of WDPM

increased by 3.25 ms-3.36 ms compared to DPM according to the addition of the

process of performing warping. This is the time spent distorting the two layers

of the dual paraboloid map. It's such an instant that doesn't have to care about

real-time rendering. In the AD scene, the creation speed of CM is slightly faster

than that of WDPM. This is because the geometric size is small, so the

rendering time is less than the time spent on the warping process. All other

scenes showed better performance than CM. Since warping is image-based,

there is not much difference per scene. Also, unlike CM where the production

load increases sharply according to the state of geometry, WDPM is generated

in the RC scene with about 32% processing time compared to CM.

Compared to the CM type RSM that requires six renderings, DPM and

WDPM generate RSMs with two renderings, which confirms that the

dependency on geometry decreases through a decrease in the count of geometric

renderings. Unlike other types of RSM, where the rate of creation speed

decreases as the geometries size increases, the performance of the TDPM seems

irregular. This is because the degree of segmentation of tessellation varies

depending on the size of the geometric unit (triangle) projected on the TDPM.

The closer the distance between the light source and the larger triangle is, the

larger the size of the triangle projected on the paraboloid map and the degree of
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Figure 18. Comparision of RSM generation speed by RSM type

subdivision increases, so the performance is measured irregularly.

As shown in Figure 19, among the time spent in the entire LPV process, the

percentage of time spent in VPL generation was less in the WDPM than in the

CM except for the AD scene. Since the AD scene has a small geometry size,

the load on the backward warping, which is image-based processing, is greater

than the load on the number of rendering times, so it is estimated that the CM

ratio is low. In CS, TS, and RC scenes, it was confirmed that the larger the

geometric size, the greater the difference in the ratio of the RSM creation time

between WDPM and CM. In the RC scene with the largest geometry size,

WDPM-based LPV rendering spent a total of 6.724 ms. This is the time to
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Figure 19. Comparison of process time percentage by applying each of CM type

and WDPM type RSM to LPV-based indirect light rendering

render 148 frames per second in real-time with indirect light.
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7. Conclusion

In this thesis, propose a method to replace the cube map RSM that causes a

bottleneck in the LPV method with a dual paraboloid map RSM. Distortion of

the dual paraboloid map was corrected by fixed-point iteration-based backward

warping based on image processing to reduce the dependence on geometry and

effectively applied it to the LPV method. We forcibly converged the roots in the

fixed-point iteration by adjusting the reduction factor of the error. In addition,

since the distortion rate differs depending on the size of the triangle projected

on the dual paraboloid map, absolute and approximate errors were used to

determine the search for the root.

The performance of RSM generation time was increased by 8.575ms in

comparison with the cube map RSM-based LPV in RC scene. LPV method

requires RSM of the number of light sources to generate VPL. Since we

measured performance for one light source, if multiple light sources will be used

in the same scene, the RSM generation time would be increased as much as a

number of light sources. In addition, in terms of quality, indirect lighting was

rendered with a quality of at least 32.29dB or higher compared to the cube map

RSM-based LPV method even though the geometry was occluded by paraboloid

projection. WDPM itself has low quality than TDPM. However, when used in

the LPV technique, the quality of the LPV rendering result was good because of

the quality of the dual paraboloid map itself and the importance of the RSM
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region where the VPL is sampled is different. Figure 20 shows the VPL

sampled according to the type of dual paraboloid map. The red box is many

VPL are sampled area because close to the light source. In the case of TDPM,

the number of VPL sampled at the corresponding location was small. So, the

brightness of the indirect lighting effect of the LPV technique was rendered

dark, and the quality was low. The dual paraboloid map projection distortion

correction method in this thesis is used effectively in the LPV method in which

the RSM is sampled to generate the VPL and diffuse the light to express the

indirect light effect in a real-time environment.

Also, the accuracy of the dual paraboloid map itself was increased by

applying tessellation and fixed-point iteration-based backward warping. In the

experiment of this thesis, the lowest quality was measured with PSNR of

24.255dB in the TS scene with the most distortion, but Increasing the degree of

subdivision of tessellation will increase the quality of the overall scene. It seems

that the increase of the quality of the dual paraboloid map in the whole scene

was increased by 0.533-4.506dB compared to the result of applying only

tessellation, resulting in an increase in the overall quality.
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Figure 20. Sampled VPL visualization by RSM type. The left column is Sampled

VPL visualization and right column is LPV method rendering result based on

the sampled VPL.
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8. Limitations and Future Work

The dual paraboloid map projection distortion correction method that we

propose cannot be correct perfectly the distortion of the dual paraboloid map,

making it difficult to use as an environment map application that requires high

accuracy such as a shadow mapping application. This is because, due to

distortion occurring during paraboloid projection, the geometry that should be

actually seen is occluded and rendered. An additional process is required because

information on pixels that are not rendered and that have no information cannot

be restored by post-processing.

As a method of increasing the accuracy, there is a method of rendering a

missing pixel by additionally rendering an occluded pixel by applying a depth

peeling and rendering a dual paraboloid map to multiple layers. However, this

method also has a limitation that when creating three or more layers, the

number of rendering times becomes six, so the advantage of performance

disappears compared to the cube map. Two layers alone are not enough to

increase accuracy.

Another way is to modify the tessellation algorithm in Section 5. The

magnitude of the distortion caused by paraboloid projection varies according to

the position where the vertex is projected, as shown in Figure 1. If the

geometry unit is subdivided using only the actual basic tessellation, the

projected position is not taken into account, so each subdivided geometry unit
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size changes after projected on the dual paraboloid map. For this reason, even if

the geometry unit is subdivided a lot using tessellation, distortion is not

corrected well, and only the load is increased. In addition, it is impossible to

correct the remaining distortion by backward warping, because the missing pixel

occurs depending on the geometry because the subdivision of the geometry unit

after paraboloid projection was not performed well. Therefore, we need an

algorithm that un-uniforms the subdivision of geometry units in tessellation. One

of them is to apply the tessellation to the geometry unit step by step by

measuring the degree of distortion of the paraboloid projection step by step by

referring to e.g., recursive tessellation [30]. The subdivided shape of the final

geometry unit will be un-uniform, and the projection results of vertices are

expected to be uniformly distributed after paraboloid projection.
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논문요약

이중 포물면 맵을 사용한 실시간 간접조명 렌더링

성균관대학교

전자전기컴퓨터공학과

최재원

빛 표현을 세밀하고 섬세하게 표현하는 간접조명 효과는 물리적 연산 과정의 부

하로 인해 효과를 근사한 Light Propagation Volumes 기법이 연구되었다. 빛의 정

보를 담고 있는 볼륨을 인접한 볼륨에 전파하는 방식으로 간접조명 효과를 근사하

여 실시간 성능을 달성하였지만 렌더링 과정에서 빛의 정보를 담고 있는 Reflective

Shadow Map을 큐브 맵으로 생성함에 따라 기하의 크기가 커질수록 성능 저하가

발생한다. 큐브 맵은 여섯 번의 기하 렌더링으로 생성하며 광원의 개수와 기하의

크기에 따라 병목현상이 발생하여 의도치 않은 프레임 저하등의 문제가 발생 가능

하다. 때문에 Reflective Shadow Map을 큐브 맵 이외의 다른 형태의 텍스처로 대

체하여 병목현상을 감소하는 접근이 가능하지만 다른 형태 텍스처의 비선형적 투영

변환 특성상 왜곡이 발생한다. 이에 본 연구에서는 Reflective Shadow Map을 이중

포물면 맵으로 대체하였다. 이중 포물면 맵은 특성상 두 번의 렌더링으로 생성하기

때문에 기하에 대한 의존성을 감소하여 병목 현상 완화가 가능하다. 이를 위하여

포물면 맵 투영 변환 과정에 발생하는 왜곡을 고정점 반복 역방향 와핑으로 보정하

여 보정된 Reflective Shadow Map을 Light Propagation Volumes 기법에 적용하여

효과적으로 실시간 간접조명 효과를 표현하는데 사용될 수 있게 한다. 또한, dual

paraboloid map 자체의 정확성을 높이는 연구도 진행하였다. 이미지 기반인 역방향
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와핑만으로 보정이 불가능한 hidden surface의 발생을 geometry의 단위인 triangle

을 적절하게 분할(tessellation)하여 발생을 억제한다. 이후, backward warping을 적

용하여 정확성을 높이도록 하였다.

주제어: 이중 포물면 맵, 고정점 반복, 역방향 와핑, 라이트 프로파게이션 볼륨
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