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In photorealistic rendering, refraction is a vital optical phenomenon for transparent 

objects. This study proposes a real-time image-space method for approximate multiple 
refraction. First, a depth-peeling technique is used to disassemble a 3D polygonal model 
into four layers of normal and depth textures. Next, a modified ray-height-field 
intersection algorithm is employed to resolve discontinuities between the layers and 
compute the intersection, refraction, and total internal reflection. Finally, an environment 
map with a refraction vector is used to compute the final shading. The image space and 
shader technique enables generating a maximum of four bounces to increase the 
refraction detail and handle more complex scenes compared with those examined in 
previous methods. We performed several experiments with various scenes and the results 
showed the feasibility and quality of the proposed multi-refraction method. In addition, 
the rendering efficiency was demonstrated by comparing the proposed method with 
GPU-based ray tracing. 
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1. INTRODUCTION 
 

Synthesizing photorealistic images interactively is a major goal in interactive 
applications. Refraction and the total internal reflection are vital optical phenomena. 
Several methods have been proposed for simulating the refraction effect. The ray tracing 
method, proposed by Appel [1], can be used in computing the global illumination effect 
by tracing the path of a ray. However, the computation cost of this method is extremely 
high and it is difficult to perform rendering in real time. Wyman proposed series 
approximate two-layer depth image approaches [2, 3] for double side surface refraction 
in real time; however, as the complexity of the 3D model increases, their two-layer 
approximation method is not sufficient for multiple refraction bounces. The method 
proposed in the current study was inspired by the approach of Wyman; however, the 
proposed method can handle multiple refraction bounces. We adopted an image-space 
technique for real-time refraction rendering by using parallel computation on a graphical 
processing unit (GPU). This technique can be used to represent the shading effect of a 
transparent object in a complex scene and reproduce the realism of the simulated 
transparent object.  

In this paper, we propose a multilayer algorithm for real-time refraction, which 
yields results approximately similar to the results of ray tracing. We used a 3D polygonal 
model as input, and stored the distant background in an environment map. To achieve 
multiple bounce refractions, we used a depth-peeling method for disassembling a 
complex and transparent polygonal object into several depth images. To achieve a similar 
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optical effect in ray-tracing rendering, we simulated the refraction inside a transparent 
object by using the position at total internal reflection, which was calculated on the GPUs 
by using the angle between the incidence ray and refracted rays. This study provides two 
contributions: 
 An image-based refraction and total internal reflection method that can handle a 

maximum of four refraction bounces is proposed, which eliminates the failure case 
caused by the discontinuity in layers of depth images. 

 The proposed single-object four-bounce refraction method was extended for multiple 
objects by combining multiple transparent objects iteratively. 

Section 2 presents a review of related works, which ranged from optical phenomena 
in the real world to ray-tracing algorithms in computer graphics. Moreover, main 
techniques such as depth-peeling and relief mapping algorithms are reviewed in this 
section. Section 3 presents the proposed method, which involves disassembling a single 
object into layers, analyzing the fault zone in a depth image, and an extended 
multi-refraction algorithm for multiple objects. The experimental results are discussed in 
Section 4, and Section 5 presents the conclusion and future work. 

2. RELATED WORKS 

Section 2.1 presents the law of refraction and an analysis of the effect of the number 
of bounces on refraction. Section 2.2 examines image-space and GPU-based methods. 
Finally, studies related to refraction implementation are analyzed in Section 2.3. 
 
2.1 Refraction and total internal reflection 
 

Refraction occurs when the phase velocity and forward direction of a ray are 
changed as the ray enters another medium with a different refraction of index. Refraction 
is defined by Snell's law, which states that for a specified pair of media and a wave with a 
single frequency. Total internal reflection is a crucial optical phenomenon. This 
phenomenon is caused when the refracted ray in an optically denser medium enters an 
optically thinner medium, and when the angle of incidence is higher than the critical 
angle, the ray is completely reflected with no refraction (i.e., total internal reflection). For 
example, diamonds sparkle because of multiple total internal reflections [4].  

The intensity gradually declines according to the number of refraction bounces. 
Mukaigawa et al. analyzed the intensity of light and discovered that the intensity of a ray 
is not obvious after four refraction bounces. Light energy is gradually absorbed by a 
medium after light is refracted and scattered numerous times [5]. In addition, Ben-Artzi 
et al. reported that four-bounce was the most favorable option to reproduce optical 
effects in their experiments [6]. 
 
2.2 Image space and GPU technology 
 

The image-space method mainly involves computations in 2D space. In addition, 
compared with the object-space method, which involves computing objects in 3D space, 
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the image-space method is more effective for problems that are related to processing a 
high number of pixels; however, in this method, the problem must still be transferred to 
the image domain and a corresponding algorithm must be designed. Policarpo et al. 
proposed a ray-height-field intersection algorithm for generating detailed shading on 3D 
surfaces in an arbitrary model [7]. This algorithm is more efficient than displacement 
mapping because the main computation occurs in the image space without modifying any 
vertex information on the geometric surface. In this study, we modified the 
ray-height-field intersection algorithm to obtain multiple refractions.  

Depth peeling [8] is proposed for solving the color blending problem that occurs 
when multiple transparent objects are rendered. In this method, a 3D model is separated 
into multiple layers of depth images based on the depth information of the z-buffer. The 
algorithm iteratively peels current layer of the depth image by considering current 
z-buffer and previous layers of the depth image. Everitt [9] implemented a widely used 
method on a GPU. Liu et al. [10] introduced a multiple-render-target method for 
accelerating the efficiency of depth peeling and recorded a considerable performance 
improvement. Bavoil and Myers [11] implemented a dual depth-peeling technique in 
NVIDIA SDK, and this approach can be used for peeling two layers simultaneously. 
 
2.3 Refraction in computer graphics 
 

Ray tracing, proposed by Appel [1], is a technique for generating global 
illumination images by tracking the path of the ray. In 2009, NVIDIA proposed OptiX, 
which is a ray tracing method implemented on GPU. Because of the parallel structure of 
GPUs, OptiX is faster than traditional ray-tracing methods implemented on a CPU. 
However, the image-based refraction method proposed by the current study is faster than 
OptiX because the intersection test between objects in the scene was avoided. 
Furthermore, numerous image-space methods have been proposed for stimulating 
refraction in interactive applications. Wyman proposed an image-space refraction method 
that is more suitable for implementation on a GPU than other methods [2]. However, this 
method cannot handle more than two refraction bounces accurately because the topology 
of complex models (e.g., a torus and teapot) cannot be encoded in the two layers of depth 
and normal images. The original method can render only the distant background around 
the refraction model; therefore, Wyman proposed an extension [3] for rendering the 
geometric model near the refraction model. In another study, the effect of the total 
internal reflection is introduced to the real-time refraction method proposed by Davis and 
Wyman [12]. Oliveira and Brauwers proposed an image-space refraction method [13] 
that involves using a relief mapping technique in which the intersection between layers 
of the depth images are searched for; the modified refraction method corrected the 
approximated error of Wyman’s method. Rousiers et al. proposed a real-time rough 
refraction method [14] that involves using BTDF and cone tracing to depict refraction on 
a rough surface. 

3. METHOD 

The refraction at a specific point on a surface is determined using the eye vector, 
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normal vector, and refraction ratio of the surface. In the proposed approach, depth 
peeling [11] is first used to disassemble a geometric model into several layers of depth 
and normal images. Second, environment mapping [15] is adopted to map the distant 
background. A skybox is created using the environment map and used for the final 
shading color through the refraction computation. Fig. 1 shows an overview of the 
proposed method; the first step involves layering the geometric model by depth peeling; 
a merging process is subsequently performed to derive the four layers of the depth and 
normal images to compute the refraction. In addition, we extended the single-model 
refraction method to a multiple-model refraction method by computing the refraction 
between a pair of models iteratively as shown in Fig. 2. 

 
Fig. 1. System overview of refraction for a single object. 

 

 
Fig. 2. System overview of refraction for multiple objects. 

 
In Section 3.1, the fault zone, which is the discontinuity in the depth image, is 

examined. A solution for computing the refraction vector and for eliminating the failure 
case caused by the fault zone is subsequently proposed. In Section 3.2, the total internal 
reflection is addressed in the proposed method. In Section 3.3, the refraction method for 
multiple transparent models is described. 
 
3.1 Fault zone and intersection for multiple layers 

We briefly describe how to trace the path of a ray in an image space. When the four 
layers of depth images are obtained, the intersection points in the first layer can be easily 
computed in an approach similar to that described by Oliveira and Brauwers [13]. 
Assuming that the transmitted vector is T, then the ray-height-field intersection algorithm 
[7] is used to compute the hitpoint by applying a linear search, which advances step by 
step along T with the second layer. We specified the size of the search step with the 
parameter SIZE. If the depth value of the current step in the search path is less than the 
depth of the depth image, then the step is denoted by +. Otherwise, the step is denoted 
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by −. The linear search is terminated when the step becomes −; a binary search is then 
performed to determine the exact intersection point in the depth, which ranges between 
+  and − . If the hitpoint is found, the transmitted vector changes according to 
refraction/reflection condition. Likewise, the next hitpoint is found along the transmitted 
vector with the third layer and then with the fourth layer until the ray leaves the object.  

The intersection point is computed by searching along the direction of the 
transmitted ray against the depth images; thus, the intersection points in the subsequent 
layer may be erroneous because of the fault zone. The fault zone denotes discontinuity in 
the depth image. In Fig. 3(d), almost all layers connect to other layers in the camera 
space. At a certain view angle, the fault zone cuts the surface without introducing an 
error to the intersection (Fig. 3(b)). This phenomenon is caused by the torus separated 
into two layers (the front surface is for the first intersection and the back surface is for 
the second intersection). At another view angle (Fig. 3(c)), the fault zone divides the 
depth images into several regions (Fig. 3(d)); thus, an error is introduced to the 
intersection. We proposed a modified search method and layer combination to address 
the fault zone. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. Fault zone. (a) A 3D scene with two cameras. (b) A fault zone does not occur in the view of 
green camera. (c) The orange line depicts the fault zone in the view of the red camera. (d) The 
camera space of (c) shows that the second layer (red) is divided by the fault zone (orange spots) into 
three regions. 
 
3.1.1 Intersection for multiple layers 
 

The ray-height-field intersection, which is combined with linear and binary search, 
may fail as this intersection passes the fault zone. We describe three situations (Fig. 4) in 
which the fault zone is related to the intersection points when the transmitted vector 
enters the 3D model. We propose a modified search method to eliminate the fault zone 
problem. 

 

Case 1 
 

Case 2 
 

Case 3 
Fig. 4. Three cases involved in the intersection between layers. The red line depicts the second 
layer of the depth image. A transmitted vector may pass above or through the fault zone. 

 

  



MING-TE CHI, SHI-HAO WANG AND CHEN-CHI HU 6 

Case 1: A transmitted vector passes above the fault zone without intersection. 
In this case, the depth after passing the fault zone is still +, and the linear searching 

process continues (Fig. 5), although the depth values of previous and current steps in the 
linear search path change considerably because the depth of the fault zone differs. The 
presence of a fault zone does not affect the hitpoint search. 

 
Fig. 5. Case 1. Linear search passes above the fault zone; T is the transmitted vector. 

 
Case 2: A transmitted vector passes through the fault zone without intersection. 

In this case, the linear search is terminated (Fig. 6(a)) when previous and current 
steps become + and −, respectively. The binary search for the intersection point 
continues; the depths at the final searching steps are denoted by + and −. After the 
binary search is completed, the difference in the depth between the final two steps is 
denoted as X in Fig. 6(b). X does not converge to a smaller number, and X is clearly 
greater than the size of the search step. This condition can be used to examine a ray 
enters or leaves a fault zone. If this condition occurs, the position of the final step in 
binary search is not the hitpoint. Such that, additional linear search is continued to 
determine the final intersection point. 

 
(a) 

 
(b) 

Fig. 6. Case 2. (a) Linear search stage. (b) Binary search stage. X denotes the depth difference 
between the final two steps. 

 
In the additional linear search, extra flags are required to determine whether the 

search step is under the fault zone (Fig. 7). The binary flag is denoted by 0 at the initial 
state. The flag becomes 1 when Case 2 occurs, thereby indicating that the search step has 
entered a fault zone. The additional linear search is then terminated when previous and 
current steps become − and +, respectively. The flag returns to 0 when the search step 
leaves the fault zone. 
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Fig. 7. If the fault zone has no intersection in Case 2, then the linear search is continued. 

 
Case 3: A transmitted vector passes through the fault zone and intersects the upper 
layer. 

Case 3 is similar to Case 2. In both cases, the linear search is terminated near the 
fault zone; however, the search in Case 3 intersects the upper layer. The difference in 
depth between the final two steps is denoted as X in Fig. 8(b). After the binary search is 
completed, the value of X likely converges, and X is lower than the size of the search 
step. The final step of the binary search is the hitpoint. 

 
(a) 

 
(b) 

Fig. 8. Case 3. (a) Linear search stage. (b) Binary search stage. X denotes the depth difference 
between the final two steps. 

 
The depth difference between the final two steps in the binary search stage is used 

to distinguish Case 2 from Case 3. However, the exception in Fig. 9 demonstrates that the 
difference in depth is higher than SIZE because of the highly curved surface in Case 3. 
The only approach is to increase the number of tests in the binary search stage or to 
reduce the size of the linear search stage. 

 
Fig. 9. Special case in Case 3. 

 
3.1.2 Depth combination 
 

The preceding discussion is related to the fault zone caused by depth peeling; in this 
process, a model is separated into multiple layers. Other error types of fault zones are 
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present between the model and the background. This type of fault zone does not cause 
any error in the first two layers. In the subsequent layer, this fault zone may cause an 
intersection error when the ray passes through the fault zone from the surface to the 
background because some parts of the model contain on depth information in the third 
and fourth layers. Fig. 10 shows an incorrect intersection in the fault zone near the 
background. The search path misses the intersection point because of a small region 
around the background. 

 
Fig. 10. Left: Error case in the fourth layer of a torus. Right: False case in camera space. 

 
We propose a depth combination method to solve the error case illustrated in Fig. 10. 

We observed that a connection often exists between the fourth and second layers and 
between the third and first layers. In Fig. 11(a), the numbers in black font indicate the 
layer, and the blue line segments represent the refracted vector. For example, the second 
layer can be combined with the fourth layer by computing the maximum depth value 
from the second and fourth layers for each fragment. The linear search stage in the new 
combination of the fourth and second layers possibly identifies the correct intersection 
point. This process can complement the lost information caused by the fault zone and 
solve the problem of mismatch between the depth maps shown in Fig. 10. Likewise, the 
third layer can be combined with the first layer to solve the case as shown in Fig. 11(b). 

 
(a) 

 
(b) 

Fig. 11. Combining connected layers. Sample results (a) when the fourth layer is combined with the 
second layer and (b) when the third layer is combined with the first layer. 
 
3.2 Total internal reflection 
 

Total internal reflection is an essential optical phenomenon. It changes the direction 
of a ray and causes modifications in the entire refraction process in proposed method. 
Because the total internal reflection occurs only when a ray travels from the inside to the 
outside of a medium, it must be detected in only the second and fourth layers. If total 
internal reflection occurs, then the refraction search follows the new ray in the direction 
of the total internal reflection. 

Fig. 12 shows the resulting artifact that is produced when the ray searching 
algorithm is applied directly along the reflected ray. The main reason for this result is 
that the intersection is not located exactly on the surface, but instead on an approximate 
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position after the ray intersection in the previous layer. In addition, the approximate 
position shifts slightly, as indicated by the green arrow shown in Fig. 13. Therefore, the 
intersection point must be relocated, and the intersection must be shifted along the 
reflected ray by using a smaller linear search step. Fig. 14 shows the modified search 
path and a result with no artifact. 

 
Fig. 12. Problem occurs in total reflection computation. Left: normal vector image after total internal 
reflection. Right: rendering result. 

 
Fig. 13. Result after determination of total internal reflection. The blue arrow indicates the starting 
point of reflection. 

 
(a) 

 
(b) 

Fig. 14. (a) The first intersection is searched using a small step size to ensure that it would find the 
reflected position, and the second intersection is searched for the sequent refraction point. (b) 
Modified result after total internal reflection; the left image shows the normal image and the right 
image shows the rendering result. 
 
3.3 Refraction between multiple objects 
 

Based on the proposed multilayer refraction method for single objects, we propose 
an approximate refraction method for multiple objects. First, objects are sorted according 
to the distance to the camera. Second, the refraction of the nearest object is processed. 
Next, the refraction on the next object is processed subsequently. In each step, the 
refraction vector and images of the refraction position in the image space are calculated 
for the next step. Fig. 15 illustrates a case involving two objects. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15. Multiple refraction. (a) A scene containing two objects. (b) Image of the final transmitted 
vector in object A. (c) Image of the final refraction position in object A. (d) Depth image of object B. 

 
We divided the relationship between the two objects into three cases according to 

how the view vector passes through the objects (Fig. 16). In Case 1, the view vector does 
not pass through Object A, but passes through a section of the surface of Object B that is 
not blocked by Object A. In Case 2, the eye vector passes through Object A, but the 
refracted vector from Object A does not intersect with Object B. In Case 3, the view 
vector passes through Object A, and the refracted vector from Object A intersects with 
Object B. 

 
(a) 

 
(b) 

 
(c) 

Fig. 16. The relationship between object A and object B. 
 

In this classification, Case 1 can be solved by using the image space refraction for 
Object B only. Cases 2 and 3 require refraction for Object A and additional intersection 
tests by using the refraction vector and depth images of Object B. If the test demonstrates 
no intersection, then the case is Case 2 and its refraction vector is recorded. Otherwise, 
the case is Case 3, and the refraction of Object B continues to be computed using the 
intersection point and refraction vector. 

On the basis of the discussed method for a pair of objects, the third object can be 
computed according to the output the final position and transmitted vector from the 
previous two objects as an eight-layer refraction by using Cases 2 and 3 iteratively (Fig. 
17). This extension works but may fail in rare cases, such as when two overlapped 
objects are of the same distance from the camera plane or when a special model with 
total internal reflection can reverse and direct the transmitted vector toward the camera.  

 
Fig. 17. Objects A and B can be viewed as a single object, then object C is joined. Therefore, the 
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final position and transmitted vector of object (A+B) are used as inputs to compute the refraction 
with respect to object C. 

4. EXPERIMENTAL RESULTS 

The proposed method was implemented in C++ on Windows 7 by using OpenGL 
and OpenGL shading language (GLSL). All experiments were evaluated using a PC with 
a 3.4-GHz CPU and NVIDIA geforce GTX 670. To demonstrate the feasibility of the 
proposed method, we analyzed the image quality and time complexity for both the 
proposed method and OptiX by using various models. The resulting brightness and 
contrast may slightly vary because of the difference in the attenuation of different 
refraction method. We focus on the background pattern distortion caused by refraction in 
the image quality comparison. 
 
4.1 Refraction art in the real world 
 

Fig. 18 shows artwork created using the real world refraction effect. The image on 
the left was created by German photographer Markus Reugels, and in this image, the 
earth perfectly fits the refraction of a water drop. The image on the right was captured by 
Grace Pedulla-Dillon, who used a glass cup filled with water to reverse the background 
and, thus, create a remarkable pattern. 

 
Fig. 18. Refraction artwork. The image on the left was taken by German photographer Markus 
Reugels, and that on the right was captured by American photographer Grace Pedulla-Dillon. 

 
Fig. 19 shows a scene comprising a sphere; we used ray tracing in the blender 

software to create a reference image. The background is clearly reversed in the refraction 
result. Comparing to Fig. 19(c), which shows the result of one-layer refraction that was 
achieved using the GLSL refraction function, is not as reliable as the reference image in 
Fig. 19(b). Fig. 19(d) illustrates the result of two-layer refraction; because the refraction 
in the sphere has only two refraction bounces, the results obtained using the proposed 
method and the reference created through ray tracing are highly similar.  

    
(a) (b) (c) (d) 

Fig. 19. Sphere model. (a) Scene design. (b) Result obtained through ray-tracing. (c) One-layer 
refraction by using the proposed method. (d) Two-layer refraction by using the proposed method. 

  



MING-TE CHI, SHI-HAO WANG AND CHEN-CHI HU 12 

 
4.2 Single transparent object with four layers 
 

Fig. 20 shows the refraction of a goblet model. Fig. 20(a) shows the visualized 
bounce of refraction, and the color encodes the number of refraction bounces. These 
results were compared with those obtained using different refraction methods, namely 
one-layer refraction, two-layer refraction, four-layer refraction, and ray tracing. We 
observed that the one-layer refraction method depicted only the front side of the object. 
We implemented the two-layer refraction method described by Oliveira and Brauwers 
[13], and the results were closer to the ray-tracing result; however, the curved refraction 
at the rim of the cup was not derived. The results obtained using the proposed four-layer 
refraction demonstrated high similarity to those obtained through ray tracing; this is 
because of accurate refraction, which enabled observing the back side of the object 
immediately. The background after refraction was also similar to that in the reference 
image obtained using ray tracing. 

     
(a) (b) (c) (d) (e) 

Fig. 20. Goblet model. (a) Refraction bounce; red: two bounces, blue: four bounces, and green: total 
internal reflection. (b) Result of one-layer refraction. (c) Result of two-layer refraction. (d) Result of 
four-layer refraction. (e) Result of ray-tracing. 

 
Fig. 21 illustrates the refraction results of a torus. We compared the results of 

various refraction methods and discovered that for the two-layer refraction method, the 
refraction results of the inner portion of the torus were not obvious; however, the 
proposed four-layer method can obviously stimulate refraction in the back half-segment 
of the torus. 

     
(a) (b) (c) (d) (e) 

Fig. 21. Torus model. (a) Bounce of refraction; red: two bounces, blue: four bounces, and green: total 
internal reflection. (b) Result of one-layer refraction. (c) Result of two-layer refraction (d) Result of 
four-layer refraction. (e) Result of ray-tracing. 

 
Because the knot model is composed of a unique structure, four refraction bounces 

can easily be obtained using this model. As shown in Fig. 22, three regions contained 
four refraction bounces, and we observed that the knot formed four refraction bounces 
behind the object; these results are similar to the results of ray tracing. In addition, as 
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shown in Fig. 23, we used an ox as a complex model. The feet and ear of the ox model 
easily showed four refraction bounces, and the surface of the ox body is smooth and can 
easily show refracted shapes. 

 

    

     
(a) (b) (c) (d) (e) 

Fig. 22. Knot model. (a) Refraction bounce; red: two bounces, blue: four bounces, and green: total 
internal reflection. (b) Result of one-layer refraction. (c) Result of two-layer refraction. (d) Result of 
four-layer refraction. (e) Result of ray-tracing. 

 

     
(a) (b) (c) (d) (e) 

Fig. 23. Ox model. (a) Refraction bounce; red: two bounces, blue: four bounces, and green: total 
internal reflection. (b) Result of one-layer refraction. (c) Result of two-layer refraction. (d) Result of 
four-layer refraction. (e) Result of ray-tracing. 
 
4.3 Multiple transparent objects 
 

Fig. 24 shows the results obtained using multiple objects; we first used a simple 
scene design and observed that the refraction results were similar to the ray-tracing 
results. We also observed that the results were not entirely similar in a complex scene 
such as that shown in Fig. 25; however, most of the scenes were the same as the original 
scene. Unlike the method proposed by Wyman [3], which can be used for simulating 
only the refraction of a nearby opaque model, the proposed method can be used for 
simulating refractions from multiple transparent objects. 

      
(a) (b) (c) (d) 

Fig. 24. Refraction of two objects. (a) Scene design. (b) Rendering of the proposed method with only 
one object. (c) Rendering of the proposed method. (d) Rendering of ray-tracing. 
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(a) (b) (c) 

   
(d) (e) (f) 

Fig. 25. Refraction of two objects. (a) Scene design. (b) Refraction vector of a single object. (c) 
Refraction vector of two objects. (d) Result obtained using a single object. (e) Result obtained using 
two objects. (f) Result obtained using ray tracing. 
 
4.4 Analysis 
 

The efficiency of the proposed method was compared with that of OptiX, and Table 
1 shows the comparison results. In Table 1, we set the camera at different positions: (1) 
20 units between the camera and object (the object had fewer fragments to render in the 
scene) and (2) 10 units between the camera and object (the object had more fragments to 
render). The average frame rate of our method is stable regardless of the view distance. 
We determined that for a simple model (sphere or cube), the proposed method 
demonstrated a higher efficiency than that of OptiX; however, for a complex model 
(bunny), the proposed method showed approximately the same efficiency as that of 
OptiX from a farther camera position. When the refraction model contains more 
fragments that must be rendered, its frame per second (fps) decreased. The cost of 
refraction computation in the proposed method is related to the intersection between 
layers of depth images (four layers in our method); the cost in ray tracing is related to the 
number of polygons. As such, the variation of frame rate recorded in our method is stable 
under different viewing conditions.  

Table 1. Performance comparison with a 512 by 512 pixel. 

 Sphere Torus Knot Ox Bunny 

Polygon Count 512 576 2,400 5,804 69,664 

Our method 153 fps 142 fps 133 fps 126 fps 15 fps 

OptiX 
20 units from the camera 112 fps 92 fps 79 fps 44 fps 12 fps 

OptiX 
10 units from the camera 56 fps 49 fps 34 fps 23 fps 9 fps 
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When analyzing time complexity, we assumed that every intersection search 
involves n iterations of linear searching (the depth of every step in linear searching is 1/n) 
and m iterations of binary searching. Therefore, for every iteration, the cost of 
intersection searching is m + n; an optimized search was defined as a two-pass 
intersection searching process in which the final refraction vector can be obtained using 
m + n iterations. The least effective searching process was defined as that involving a 
four-layer search and one total internal reflection, yielding (3 + 1)*(m + n) iterations. 
This is because the accuracy of the ray intersection algorithm is determined according to 
its search size. When the size is too large, an incorrect result may be easily obtained, as 
shown in the right image of Fig. 26; in this image, the foot is the slimmest part of the ox 
model. When the size is set as 1/5 (5 iterations of linear search), the proposed method 
cannot be used to determine the intersection and an incorrect result is produced. 
Furthermore, when the size is too small, such as 1/500 (500 linear searches), the fault 
zone can easily be incorrectly determined. Consequently, in consideration of the 
complexity and quality, the optimal size is 1/50 (50 iterations of linear search). 

 
Fig. 26. Refraction result with size = 1/5 depth (left), and the refraction result with size = 1/50 depth 
(right). 
 
4.5 Research limitations 
 

The proposed image-space refraction method demonstrated a more favorable 
efficiency than ray tracing did. The quality of results was determined according to the 
number of layers and texture resolution. The refraction accuracy can be increased by 
increasing the number of layers, and details can be clarified by using a higher texture 
resolution. However, the failure case caused by the fault zone and total internal reflection 
may increase with the number of layers, especially if the scene contains multiple 
transparent objects and if the resolution is not sufficiently high (Fig. 27). In the 
experiment, we observed that four-layer refraction can appropriately balance the image 
quality and performance. 

   
(a) (b) (c) 

Fig. 27. Limitation. (a) Scene design. (b) Rendering of ray-tracing. (c) Rendering of the proposed 
method in low texture resolution. 
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5. CONCLUSION AND FUTURE WORK 

This study proposes a real-time approximate refraction method that involves using a 
four-layer depth image. Compared with previous approximate refraction methods that 
involved using two-layer depth images, the proposed approach provides results of a 
quality closer to that of ray tracing results. The proposed method enables clearly 
depicting the background behind a transparent model; this process cannot be performed 
by using the two-layer refraction method when the number of refraction bounces is 
higher than two. We also extended the proposed refraction method to multiple objects by 
processing the four-layer refraction sequentially according to the distance from the 
camera to object, and then analyzing the possibility of refraction between objects to 
derive the refraction vector. The computation cost of the proposed method compared 
with that of the method proposed by Oliveira and Brauwers [13] was only slightly higher; 
however, the proposed method increases the number of refraction bounce, which is 
capable to reproduce most of the refraction effect in transparent models. 

Currently, the image quality is limited to the resolution of texture images including 
normal maps, depth maps, and environment textures. A major topic for future study is 
determining an appropriate computation complexity for balancing the image quality and 
resolution. The image quality can possibly be increased by using a mip-map. A more 
efficient search method may be considered for reducing the number of steps in 
computing the refraction vector between layers. In addition, depth peeling and refraction 
can be combined to determine whether they can be completed in a single GPU pass to 
improve performance. 
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