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Abstract. In landscape design, visualization of a new design on the 
site with clients can greatly improve communication efficiency and 
reduce communication costs. The use of augmented reality (AR) allows 
the projection of design models into the real environment, but the 
relationship between the models and the physical environment, such as 
reflections, which are often thoughtfully considered in waterfront 
landscape design, is difficult to express in existing AR systems. The 
aim of this study is to accurately render and express the reflections of 
virtual models in the physical environment in an AR system. Different 
from traditional rasterized rendering, this study used physically correct 
ray-tracing algorithms for reflection rendering calculations. Using a 
smartphone and a computer, we first constructed a basic AR system 
using a game engine and then performed ray-tracing computations 
using a shader kernel in the game engine. Finally, we combined the 
rendering results of reflections with the video stream from a smartphone 
camera to achieve the reflection effect of a virtual model in a physical 
environment. Both designers and clients could review the design with a 
realistic reflection on an actual water surface and discuss design 
decisions through this system. 

Keywords.  Augmented Reality (AR); Reflection; Landscape Design; 
Interactive Visualization; Real-time Rendering; Planar Reflection; 
Real-time Ray Tracing; SDG 11. 

1. Introduction 

For visualization of landscape designs, it is crucial to review the context between 
design targets and their surrounding environment. If they are inadequate, time and 
social resources will be wasted in the subsequent construction process. Augmented 
reality (AR) technology can visualize the relationship between a design object and its 

 

 

POST-CARBON, Proceedings of  the  27th International  Conference  of  the  Association  for  Computer-
Aided Architectural Design Research in Asia (CAADRIA) 2022, Volume 1, 89-98. © 2022 and published
by the Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong.

mailto:1chen.hao@it.see.eng.osaka-u.ac.jp
mailto:2fukuda.tomohiro.see.eng@osaka-u.ac.jp
mailto:3yabuki@see.eng.osaka-u.ac.jp


H. CHEN, T. FUKUDA AND N. YABUKI 

surrounding environment (Giunta et al., 2018). Visual AR is a composition wherein a 
virtual object is rendered and then is placed upon the image of the physical environment 
by synchronizing their cameras (viewing direction, field of view and maybe more like 
lighting adjustments, colour corrections). 

One of the current problems in applying AR to the design process is the lack of 
inherent interaction between the design model and its intended actual environment. For 
example, although the phenomenon of reflection and refraction on a water surface or 
glass is one of the essential design elements in landscape design (Booth, 1989), it 
cannot be achieved with existing AR systems. In other words, physical phenomena that 
a design model exerts on its surrounding environment cannot be completely rendered 
in physical space.  

Adding reflection as a physical phenomenon to an AR system also requires 
attention to the accuracy of the reflection calculation, as poor accuracy can negatively 
affect the practical application of the system. The goal of this research is to develop an 
AR system that expresses real-time reflections between a virtual model and its physical 
environment. Thus, we used a more physically correct rendering method, real-time ray 
tracing, to improve the accuracy of reflections. 

2. Literature Review 

2.1. AUGMENTED REALITY 

In one of the most accepted definitions, AR means the technology that possesses three 
characteristics (Azuma, 1997): 1) It combines real and virtual content; 2) It is 
interactive in real time; 3) It is registered in 3D. 

An AR system has a display that can combine real and virtual images, a computer 
system that can generate interactive graphics that responds to user input in real-time, 
and a tracking system that can recognize the motion trail which enables the virtual 
contents to appear fixed in the real world (Billinghurst et al., 2015). 

AR implementation relies heavily on the hardware. In this era of rapidly changing 
technology, at the point of this writing, there are already many organizations that have 
introduced iteratively improved AR devices. Most current AR devices can layer virtual 
2D images onto the real world through the display of smart devices (such as tablets or 
smartphones) or AR glass. The latter can provide higher quality rendering and more 
complex interactions according to hand gestures, even immersive sound effects, etc., 
but its development costs are higher while the development process is more complex, 
requiring multi-disciplinary collaborative development. The former, using smart 
devices, can achieve fundamental AR effects with much smaller development costs 
(Phillip, 2018). 

2.2. AR IN THE LANDSCAPE DESIGN FIELD 

AR is a technology that projects virtual information onto the physical world. In other 
words, the virtual information can be accessed in 3D physical environments (Kipper 
and Rampolla, 2013).  

The complexity and site-specific nature of design projects makes it crucial for the 
landscape architectural designer to take field trips to the project locations (Kerr and 
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Lawson, 2020). The real-time rendering feature of AR and the symbiotic display of 
reality make the application of AR in design review sessions very promising (Azuma, 
1997).  

Using AR can project the virtual model of a design directly onto a real site, and 
even non-professional people can perceive the relationship between the design and the 
environment in an intuitionistic way (Broschart and Zeile, 2015), which makes the 
traditional landscape design move more towards participatory design. 

2.3. THE REFLECTION BETWEEN PHYSICAL ENVIRONMENT AND 
THE VIRTUAL MODEL 

The relationship between virtual objects and physical environments is always a crucial 
issue. Reflection, as one of these relationships, includes reflections of physical 
environments on virtual objects and reflections of virtual objects on physical surfaces.  

One solution for realizing reflections of physical environments on virtual objects is 
capturing the physical environment in a skybox texture, so that reflections on virtual 
objects can be rendered by sampling that skybox texture, and this method has been 
widely adopted in commercial AR engines. Dos Santos et al. (2012) used Kinect depth 
information and real-time ray tracing rendering method to achieve reflections of a real 
object on a virtual one. However, the reflection of virtual objects on physical surfaces 
remains unavailable.  

Chen et al. (2021) proposed a method for landscape design review based on 
rasterized rendering that can render the reflection of virtual objects on a physical 
surface. In this method, the virtual model's reflection is rendered by calculating its 
symmetric coordinates about the reflective plane. Because of the limitations of the 
rasterized rendering technique, the accuracy of the reflection is insufficient, and a more 
physical-based rendering method is needed to improve its performance.  

2.4. REFLECTION RENDERING USING REAL-TIME RAY TRACING 
METHOD 

Since one of the key characteristics of AR is the interactivity between users and virtual 
content, the virtual content is produced in the way of real-time rendering. Real-time 
rendering contains rasterized rendering and ray tracing. Rasterization is the process of 
pixelating graphics composed of vector vertices, while ray tracing is the process of 
tracking ray traces backward from the viewpoint to each pixel of the screen and finding 
all object surface points and light source information that intersects with the viewpoint 
to calculate an accurate rendering result (Glassner, 1989). In ray tracing, the colour of 
each pixel is calculated by emitting a ray from the camera to that pixel and tracing the 
reflection path of that ray to calculate the pixel colour based on the material, colour, 
and light source information of the points along the path (Tomas et al., 2021). If an 
intersection point on that path has a reflective attribute, then the colour information of 
the previous intersection point is passed on, and the final display on the screen includes 
the effect of the reflection. Ray tracing is a more physical-based real-time rendering 
technique compared with rasterized rendering. 
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3. Methodology 

3.1. PROPOSED SYSTEM 
The proposed system is composed of a smartphone and a computer. The smartphone 
captures a video stream of the physical environment and transmits it to the computer, 
and the computer renders the reflection by ray tracing and overlays the rendering results 
onto the video stream.  

We use a game engine to build the virtual scene and perform the rendering. By 
passing the position information of the mobile device to the virtual camera in the virtual 
scene in real time, as the device moves, the camera in the virtual scene also moves 
according to the same trajectory. Thus, the rendering angle matches the motion 
perspective of the physical device. 

3.2. REFLECTION CALCULATION USING RAY TRACING  

Figure 1. Ray tracing rendering principle 

Since Microsoft introduced the DirectX Ray Tracing (DXR) API in 2018, different 
game engines have subsequently added support for DXR. This allows us to render 
directly in the game engine by using the encapsulated ray-tracing functionality. 
However, because ray tracing is highly integrated into the game engine, it becomes 
very difficult to make local adjustments to the algorithm. Therefore, in this study, we 
built a simplified version of the reflection function in the game engine based on the 
ray-tracing principle, so that some algorithmic adjustments can be made to make the 
reflection rendering layer overlay well onto the video stream. 

The ray tracing is rendered according to the principle of how the human eye sees 
objects in realistic situations. Figure 1 shows how a scene is normally rendered using 
ray tracing: rays are emitted from a light source, projected onto a screen through 
reflections between objects, and finally converged onto the camera. Conversely, a ray 
is sent from the camera to the screen, the reflection of this ray in the scene is 
determined, and the mesh information of the intersection point is used as data for 
calculating the rendering result.  
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However, this method for directly rendering results has a problem. Given that the 
whole scene is in a virtual world, in addition to the virtual model, the reflection plane 
also reflects the whole skybox background, which can seriously degrade the immersive 
experience of the AR effect. To solve this problem, we developed a method to 
eliminate reflection from pixels in the background as follows: check the intersection of 
each ray, and if there is a second reflection and the intersection point of the second 
reflection is on the virtual model, then this ray can be recognized as reflected from the 
model to the reflection plane. This whole ray will be retained, while all other rays will 
be discarded (Figure 2). In this way, we get the rendering result that represents only the 
reflected part of the object on the plane. 

Figure 2. Ray tracing reflection rendering in our research (red ray: kept; black ray: discarded) 

4. Implementation 

4.1. SYSTEM CONFIGURATION  
At present, the AR display methods are divided mainly into "combining real and virtual 
view images" and the "eye-to-world spectrum" (Billinghurst et al., 2015). To consider 
the effectiveness of practical application of these methods, we chose the former as the 
display method for practical application in our system. Moreover, we adopted the 
system configuration of a smartphone combined with a computer, where the 
smartphone is connected to the computer using a USB cable, the operator holds the 
smartphone to survey the scene, the AR image is output on the smartphone screen and 
computer at the same time, and the placement of the design model and related system 
parameters can be adjusted on the computer. This configuration can help us to balance 
the computing performance and operation in the outdoor environment. 

4.2. DEVICE TRACKING 
Tracking the motion of the viewpoint is one of the fundamental elements of AR 
(Azuma et al., 1998). We used the commercial AR development tool ARcore for our 
system configuration. ARcore calculates the exact location and movement of the 
viewpoint, which is based on the changes of the feature points in the image combined 
with the inertial measurement unit system in the device. This information is passed to 
the virtual camera of the game engine in real time so that the virtual camera keeps the 
same motion trajectory as the physical camera. Hence, when the point of view in the 
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display is in motion, the virtual image rendered in the game engine will always render 
the corresponding angle correctly. 

4.3. RAY TRACING REFLECTION IMPLEMENTATION 

In this study, we used compute shader, a program running on the GPU that is suitable 
for handling parallel computing (e.g., computing image pixels). It runs independently 
from the rendering processing stream and is more flexible than a normal shader. 

First, the mesh of the virtual models in the scene are read by the script and 
transferred to the compute shader, where the position of the reflection plane is already 
set. A ray vector is created based on the camera coordinates and screen pixel 
coordinates, and the collision point coordinates (where the ray intersects the scene 
mesh and the reflection plane) are calculated. We set the maximum number of ray 
bounces to eight, which means that we ignore the ray after eight reflections. Finally, in 
the shading function, the colour of each pixel in the rendering result is calculated based 
on the reflectivity, albedo, and other material information of each collision point along 
the entire ray trace. 
 

4.4. MASKING AND OVERLAYING RENDERED RESULTS 

 

Figure 3. The workflow for masking and overlaying the rendered results 

 

How the reflections are properly overlaid on the camera-captured video stream greatly 
affects the immersive effect of AR. We developed an overlaying method for our 
system. 

The video stream captured by the camera is processed by the AR background 
shader. At the same time, our ray tracing rendering result will be passed to the process 
shader (Figure 3). At this point, if without any processing, the ray tracing rendering 
result will completely overwrite the video stream. To avoid this, we masked the 
raytraced rendering result based on the methodology described in Section 3.2. 
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The specific procedure is, firstly according to our proposed ray tracing method, we 
obtain ray tracing extracted result (c) from the ray tracing result (a), in which all pixels 
except reflections are pure black. We multiply the ray tracing processed image's RGB 
value by 1000 (in most cases gives us a pure black and pure white image), the result is 
a mask (d) and is applied to the video stream (e) to get video stream masked (f). The 
ray tracing result is added together with the model rendered in the scene (a), masked 
video stream (f) and video stream(e) to get an augmented reality effect with reflections 
(g). We can also change the transparency of ray tracing result to increase realism 
(Figure 4). 

Figure 4. The composition of the video stream and rendering result. 'a' is the model rendered in the 
scene, 'b' is the ray tracing result, 'c' is the reflection part extracted from 'b', 'd' is   the mask image 
generated by 'c', 'e' is the video stream from phone, 'f' is the result of applying the mask onto th=e 

video stream, 'g' is the final augmented result 

5. Results and Discussion   

5.1. EXPERIMENT AND RESULT 

Our experiments were conducted near a water pond on Suita campus, Osaka university 
(Figure 5). The hardware and software used are listed in Table 1. 

To make the result more realistic in the common weather situation, we made a 
transparent reflection in the process shader described in Section 4.4. We chose a laptop 
computer as the computing device and a smartphone connected to the laptop computer 
as the video streaming input device. The data connection is by wireless network using 
the AR foundation remote plug-in. The virtual model we used is a shade pavilion model 
with standard material in Unity. The dimensions of the base are 0.5 m* 0.5 m*0.5 m, 
the length of the umbrella pole is 3 m, and the shape of the umbrella surface is a 
quadrilateral cone surface with a diagonal length of 3.8 m. The mesh number of this 
model is 40. 

In the experiment, we first positioned the virtual model within the game engine on 
the computer side to make it fit the physical environment. We then ran the AR system 
and verified that the reflection image was rendered accurately. By moving the camera 
of the smartphone, we could see the model and its reflection effect from different 
viewpoints, as shown in Figure 6. An average display rate of 15–20 frames per second 
(FPS) was the result.  
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Figure 5. The left image is the photo of the experiment site; The middle image is the plan of the 
experiment site, in which the three arrows corresponds to the three different viewpoints directions in 

this experiment; The right image is the sunshade model used in this experiment 

Figure 6. Experiment results, 'a' 'b' 'c' corresponds to the AR result in three different viewpoints. "d" 
is the AR result without reflection as a control experiment 

Table 1. Experiment configuration 

Hardware Hardware Product Name Software Software Plugin 

Smartphone Huawei p20 Unity Unity 2020.3.13f1 Personal 

PC-CPU  11th Gen Intel(R)Core (TM)i5-
1135G7@2.4GHz 

Visual Studio Code DX11 (embedded in Unity) 

PC-GPU GeForce MX450 ARCore SDK 4.1.7 AR foundation 4.1.7  

PC-RAM 16GB  AR foundation remote 1.4.15  
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5.2. DISCUSSION 

5.2.1. Achievements 
● Current AR systems can only realize the reflection of real objects on virtual surfaces. 

Using the predefined plane combined with ray tracing rendering method proposed 
in this paper, we can effectively realize the reflection of virtual objects on real 
surfaces in AR systems. 

● Compared to the previous research (Chen et al., 2021), the reflection could be 
generated accurately by ray tracing, which is a physical correct rendering method.  

● Our proposed AR system can be used in landscape review scenarios, which is 
usually with relatively large scales models and outdoors environments. 

5.2.2. Limitations 

● The positioning of the model and the reflection plane still need to be configured 
manually, which is time-consuming.  

● The hardware requirements are demanding and the model mesh number must be 
controlled; otherwise, the display rate (in FPS) will be seriously affected. 

6. Conclusion and Future Work 

The system we developed can effectively project a design model into the physical 
environment and can generate the accurate reflections of the model in real time by ray 
tracing, a physically accurate rendering method. 

However, the system cannot automatically locate the reflective plane and the 
position of the model according to the physical environment. Thus, it requires manual 
operation, which is time-consuming and laborious. Future work to automate the 
reflective plane positioning requires the system to understand the real environment. 
Moreover, we need to make the rendering results run more efficiently on mobile 
devices and improve the display rate (in FPS), which requires further optimization of 
the computation algorithms. 
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