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ABSTRACT 

The use of mixed-reality systems in urban architecture allows people without specialized knowledge to 

intuitively understand the results of urban architectural planning and simulation. However, because the 

associated three-dimensional (3D) models involve large data volumes and heavy processing loads, they are 

difficult to process on devices commonly used for mixed-reality display, such as notebook PCs and 

smartphones. Here, we propose a method in which a server takes over the mixed-reality processing and 

allows multiple devices to display the 3D model simultaneously from the server. In this study, we verified 

the real-time performance of mixed-reality display on two devices while performing a daylight simulation 

with an indoor 3D model of approximately 2.6 million polygons. The results showed that multiple devices 

shared and displayed the 3D model with real-time performance that was unaffected by the data size up to 

2.6 million polygons but was affected by the video-compression performance of the devices. 

Keywords: augmented reality (AR), simulation visualization, design review, cloud computing, 

collaboration. 

1 INTRODUCTION 

Mixed reality (MR) is a technology that aligns the real and virtual worlds and superimposes virtual objects 

or information at appropriate locations in the real world. MR does not replace the real world with the virtual 

one as in virtual reality but rather augments the real world with the virtual one (Azuma 1997).  This study 

use "MR" which encompasses augmented reality to avoid limiting the composite ratio of the real and virtual 

worlds. 

MR systems have been used in the field of architecture, engineering, and construction (AEC), where it is 

considered effective to superimpose digital information—for example, building information modeling 

(BIM), landscape, air conditioning, human flow, and other simulation results—on the real space (Manuel 

et al. 2020). However, the three-dimensional (3D) models used in AEC are often very complex and their 

data volumes are large, thereby requiring high computational performance for MR processing. Although 
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the computing performance of devices has been advancing, it is not yet sufficient, and insufficient 

computing power leads to problems such as disrupted display and insufficient real-time processing. 

Therefore, models with reduced polygons and data volumes according to the distance between user and 

model and the user’s field of view have been used in MR systems (Bimber and Rasker 2006). However, the 

data-reduction processes must be done in advance, making it difficult to adapt the reduction process to real-

time simulation results. 

Other methods have been studied to offload processes such as rendering and tracking to a server connected 

over internet (Toczé, Lindqvist, and Tehrani 2019; NVIDIA 2019). In addition to offloading processing, 

using a server in MR systems also allows data sharing among multiple devices (Siriwardhana et al. 2021). 

Regarding the use of MR systems for AEC, it has been reported that multi-client data sharing is effective 

(Garbett, Hartley, and Heesom 2021), but there has been little research on both MR processing offloading 

and data sharing through simultaneous multi-client connections. 

This study aims to develop a system that enables simultaneous MR display of a large 3D model in a server 

on multiple clients. Real-time simulations are performed on a server with high computing power, and the 

resulting large 3D model is MR visualized on client devices connected via internet. This study shows that 

MR display can be done in real time without a data-reduction process by processing offloading. It also 

verifies that multiple clients can connect to the server simultaneously and that the 3D model stored in the 

server can be properly displayed in MR from each client’s perspective. This study makes it easier to update 

the 3D model because the server loads only one 3D model regardless of the number of clients. This study 

provides a method for the real-time display of simulation results and digital-twin and BIM models. These 

models have been reported to achieve zero energy in existing buildings (Kaewunruen, Rungskunroch, and 

Welsh 2019), this being because this research provides a method for displaying 3D models in the server in 

MR directly. 

2 LITERATURE REVIEW 

Here, related studies are surveyed in Sections 2.1–2.4 and the present research contribution is clarified in 

Section 2.5. 

2.1 Use of MR Systems in AEC 

In defining MR, Azuma (1997) listed three elements: combine real and virtual, interactive in real time, and 

registered in 3D. Manuel et al. (2020) showed that MR has been used in AEC in various situations, 

including decision support, design, construction support, and training. In addition, the use of MR to 

visualize simulation results related to buildings has been investigated; the MR display by reducing the scale 

of the 3D model for a building daylighting simulation was shown to provide a better understanding of the 

physical space by Zhao, Zhang, and Enrico (2019). According to their study, reflecting the geometry of the 

real space being simulated on the MR display has not been considered. Chatzopoulos et al. (2017) reported 

that MR systems using mobile devices are required to mix a lot of information in the real space because 

mobile devices can be used anywhere. 

However, the 3D models used in AEC, such as simulations and BIM models, tend to be larger in data size, 

depending on the structure and scale of the model, and the computational performance of current devices 

does not allow MR processing with sufficient real-time capability. Rydvanskiy and Hedly (2021) presented 

a reduced-scale MR display of flood simulation results on Microsoft HoloLens2. However, the 

recommended data capacity for 3D models handled by HoloLens2 is limited to 100 thousand polygons.  

Chen and Thropp (2007) reported that more than 15 frames per second (fps) is considered satisfactory by 

users of video images. 
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2.2 Data-reduction Process 

To perform MR processing in real time, especially when dealing with a large 3D model, processing to 

reduce the data volume of the 3D model has been considered. Bimber and Rasker (2006) improved the 

frame rate without affecting the rendered image by reducing the number of polygons by simplifying the 

shapes of areas out of sight or far from the viewpoint. However, the simplified model must be provided 

separately, and the more frequently the 3D model is updated, the greater the workload. 

2.3 MR Processing Offload to Server 

The processing required for MR is largely divided into tracking and rendering. To maintain the real-time 

performance of MR processing, offloading of these processing loads such as tracking and rendering to a 

server with good computational performance is being discussed. NVIDIA (2019) released a method for 

offloading the rendering to a server for real-time processing of MR using a large 3D model; the claim is 

that a large 3D model of approximately 28 million polygons can be displayed in MR with satisfactory real-

time performance, but it cannot be used with laptops or other devices that do not have a gyro sensor or other 

special sensors. Toczé, Lindqvist, and Tehrani (2019) developed an MR system that offloads both tracking 

and rendering processing to a server and discussed video encoding and transporting, but the data size of the 

3D model was not verified; the proposed method, when applied to multiple clients, requires separate servers 

for each of the clients, and it is not possible to share a single 3D space and the operations of clients. 

2.4 Data Sharing in MR 

Garbett, Hartley, and Heesom (2021) studied a method for sharing BIM data by preparing a database in a 

server and allowing MR applications on multiple devices to connect to the server simultaneously; two-

dimensional and 3D BIM models and user comments can be saved and shared with other users in real time. 

Building professionals are highly appreciative of this ability to share MR models with multiple users, but 

it is difficult to display a large 3D model in real time because processes related to MR visualization, such 

as tracking and rendering, are performed by the client device itself. 

2.5 Research Contribution 

This research aims to develop a system that achieves the following two points simultaneously. 

• offloading MR processing to a server enables satisfactory real-time MR display even when 

handling a large 3D model; 

• multiple clients can share a single 3D model, and MR can be displayed simultaneously as 

appropriate from each user’s perspective. 

Few studies of MR systems have achieved these two points simultaneously. This study offloads both 

tracking and rendering to a server, in which a single game engine performed rendering of all users, and the 

server needs only one 3D space, regardless of the number of clients. Since all users can share one 3D model, 

it is easier to change the 3D model frequently. This study allows multiple clients to simultaneously MR 

display for design reviews and dynamic simulations that updates the 3D model frequently and share the 

manipulation of the 3D model by other clients. This allows information to be shared among the clients, 

leading to a better understanding. 

3 PROPOSAL METHOD 

This section describes the proposed method, an overview of which is shown in Figure 1. In this method, a 

client device captures and transmits RGB camera images and displays the images received from the server. 

This method does not require any special sensors (e.g., a gyro sensor), using only RGB images for tracking. 

In the server, the method performs tracking for each client and passes the estimated posture information to 

a game engine. The method provides only one game engine regardless of the number of clients and placed 
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the 3D model in the appropriate position within the game engine. The virtual cameras in the game engine, 

which are as numbered as the clients, reflect the client's posture information estimated and render the 3D 

model. The game engine composite these rendered images and real camera images sent from the client, and 

the server sent back the composited images to the clients.  This proposal method performs MR processes 

in real time, enabling users to have an MR experience that satisfies real-time interaction. 

The proposal method needs not download the 3D model from the server to the client device because the 

latter does not process the 3D model itself. The server has sufficient computing power to render 3D models 

with large data volumes. We store the 3D model in the game engine on the server and can modify and 

update the 3D model as needed. Sharing the 3D model in the game engine, the clients know at the same 

time the modifications and updates made to the 3D model. It is also possible to place the results of real-

time simulations as 3D models. The method needs not copy the 3D models, so it does not overwhelm the 

data capacity of the server. 

 

 

Figure 1: Overview of proposed method. The method connects the client devices and the server via internet. 

The server performs tracking and rendering based on the RGB images captured by the client devices and 

performed all these processes in real time. 

4 EXPERIMENT AND RESULTS 

We developed a prototype system based on the proposed method. By performing the MR visualization of 

an indoor daylighting simulation with two devices as a use case, we verified the real-time performance of 

the system. 

4.1 Prototype System 

We tested the prototype system in the environment described in Table 1. The system compressed the video 

in H.264/MPEG-4 Advanced Video Codec format before transmission between the client devices and the 

server to enable real-time processing in the prototype system. We used WebRTC for video transmission 

and set all video sizes to 1920 × 1080 (pixels). There is no need to install a custom application on the client 

device, because a web browser on the client device performed all client-side processing, and the client only 

needs to access the website. Figure 2 shows the processing flow in the prototype system, focusing on a 

single client device. As shown, the prototype system divides the MR system processing into four loops A–

D for parallel processing. Each loop operates independently, thereby avoiding decreasing the overall frame 

rate of the system. In the experiment, we measured the frame rate of each loop individually and considered 

the slowest of the loops as the actual frame rate of the final MR-processed images. This prototype system 
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used an image marker to align the real and virtual worlds; the marker was a 400-mm square and was placed 

in advance at a specific position in the virtual and real spaces. We used EasyAR Sense for the marker 

tracking and developed the prototype system. In this verification, we set up the client devices and server in 

the same room and communicated within the same local network; we connected the server and network via 

wired Ethernet up to 1 Gbps and the client device and network via Wi-Fi through a wireless LAN access 

point. 

 

 

Figure 2: Processing loops in prototype system. The system stored the data temporarily and passed it 

between loops so that the processing speed of one loop did not affect those of the others.  
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Table 1: Experimental environment 

Category Name Entry Description 

Server (desktop PC) (Built to order PC) 

OS Windows 10 Home 21H2 

CPU AMD Ryzen9 5900X 

RAM 16 GB 

GPU NVIDIA GeForce RTX 3090 

Client 1 (smartphone) Galaxy S20 

OS Android 11 

CPU Qualcomm Snapdragon 865 SDM865 

RAM 12GB 

Camera 
Internal 

Horizontal angle of view: 99 degrees 

Client 2 (laptop PC) Let’s note CF-SZ6 

OS Windows 10 Pro 

CPU Intel Core i7-7500U 

RAM 8 GB 

Camera 
USB connection 

Horizontal angle of view: 60 degrees 

Wireless LAN 

access point 

BUFFALO 

AirStation Pro 

WAPM-1166D 

Transfer 

rate 

(Theoretical 

value) 

IEEE802.11ac: 866Mbps max 

Interface 5GHz 

Game engine Unity  Version 2020.3.26f1 

WebRTC SDK 
SkyWay JavaScript 

SDK 
Version 4.4.3 

WebRTC 

communicate engine 

SkyWay WebRTC 

Gateway 
Version 0.4.0 

Tracking engine EasyAR Sense  Version 4.3 

Multimedia framework GStreamer  Version 1.18.5 

 

 

4.2 Daylighting Simulation 

We performed a simulation of daylight shining into a room to use a 3D model for MR visualization. The 

simulation used a 3D geometrical model of room M3-411 on the Suita Campus of Osaka University, shown 

in Figure 3. Table 2 lists the simulation conditions. We considered placing plants at the window to block 

direct sunlight, as well as placing PC displays or other equipment on a table near the window. We visualized 

the following three scenarios and measured their frame rates and delay times: the present scenario with 

nothing on the table (Present), the scenario with equipment placed on the table (Equipment), and the 

scenario with plants placed at the window to block direct sunlight (Withplant). These daylight simulations 

were performed within Unity, which is the game engine. We placed the 3D model and directional light in 

the game engine so that parallel rays hit the model in the same direction as the direction of sunlight based 

on latitude, longitude, date, and time. As shown in figure 4, the game engine rendered the equipment and 

plants introduced by the simulation scenario in a photorealistic style, while the area of the room model 

which is directly illuminated by directional light was rendered visible and orange surface. Therefore, the 

client always saw the equipment and plants as superimposed on reality, and only those parts of the room 

that are exposed to simulated sunlight appear to be superimposed with orange-rendered surfaces. By 

displaying the results of these real-time simulations simultaneously in MR on two client devices, we 

verified that a 3D model that was placed on the server can be shared by multiple clients. 
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Figure 3: Layout of virtual space in which the daylighting simulation was performed. Direct sunlight was 

received through a window on the south side of the room, and we placed 3D models of plants and equipment 

in the virtual space. 

Table 2: Simulation conditions under which the daylight simulation was performed. 

Entry Description 

Longitude 34.8245 degrees north 

Latitude 135.5235 degrees east 

Date Dec. 22, 2022 (winter solstice) 

Time rate factor 

(= 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛/𝑡𝑖𝑚𝑒 𝑖𝑛 𝑟𝑒𝑎𝑙) 
4500 times faster 

Simulation update interval Every 0.01 seconds (100 fps) 

Total data 

volume 

(Details) 

Present scenario 

(room only) 

188,901 polygons, 1.358 MB 

(188,901 polygons, 1.358 MB) 

Equipment scenario 

(room + equipment) 

1,918,146 polygons, 65.707 MB 

(room + 1,729,245 polygons, 64.349 MB) 

Withplant scenario 

(room + equipment + plants) 

2,663,283 polygons, 307.969 MB 

(room + equipment + 745,137 polygons, 242.262 MB) 
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Figure 4: Example of the simulation space as seen from client-1's viewpoint during the Withplant scenario. 

4.3 Results 

For these three scenarios, the client-1 and client-2 devices are connected to the server to visualize the 

daylight simulation. We held still the devices by hand for 10 s to verify the real-time performance of the 

MR display. We measured the overall system latency for each device and the frame rate for each of the four 

processing loops shown in Figure 2. Figure 5 shows the latency measured every 1 s and the average latency 

from the start of the verification. Table 3 gives the average frame rates during the experiment. Figure 6 

shows examples of the resulting MR images displayed in each scenario and on each device. 

 

 

Figure 5: Latency for each device and average latency during experiment. 
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Table 3: Average frame rates during experiment. We measured the frame rate for each processing loop at 

each device. Underlined is the lowest frame rate at each device; the lowest frame rate was used as the 

actual frame rate in the MR display. 

Scenario 

(Total model size) Device Loop A Loop B Loop C Loop D (fps) 

Present 

(188,901 polygons) 

Client 1 28.3 31.7 30.1 53.3  

Client 2 8.5 32.0 30.0 55.8  

Equipment 

(1,918,146 polygons) 

Client 1 24.4 31.6 30.0 50.6  

Client 2 8.8 31.3 30.0 52.5  

Withplant 

(2,663,283 polygons) 

Client 1 28.9 31.5 29.2 51.8  

Client 2 7.8 31.7 29.1 51.0  

 

 

Time in real 

(in simulation) 

2 s 

(9:30) 

4 s 

(12:00) 

6 s 

(14:30) 

8 s 

(17:00) 

Present 

Client 

1 

    

Client 

2 

    

Equipment 

Client 

1 

    

Client 

2 

    

Withplant 

Client 

1 

    

Client 

2 

    

Figure 6: Examples of resulting MR images. The orange areas are the simulated areas of direct sunlight. 

The number in the lower-right corner of each image was used to measure the latency during the experiment 

and has nothing to do with the image itself. 

5 DISCUSSION 

Based on the experimental results, this section discusses the sharing of 3D models by multiple clients and 

the real-time performance. 
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5.1 Sharing of 3D Model by Multiple Clients 

We confirmed that the proposed method allows multiple clients to connect to a server simultaneously and 

share the 3D model in the server for MR display. In this experiment, the system performed an indoor 

daylighting simulation using a geometrical model of the entire room and displayed the simulation results 

updated temporally in MR. The proposed method visualized the results in the server in real time so that the 

current simulation results could be displayed in MR. Each device could display the updated simulation 

results simultaneously in MR because the devices could be connected and still share the same simulation 

model. 

The example resulting MR images shown in Figure 6 show that the MR display corresponded to the view 

of each client device. This is because, as shown in Figure 1, the tracking was performed separately for each 

connected device, even within the server. This prototype system aligns the real and virtual worlds based on 

the marker. It allows appropriate MR display even if a client device is moved freely, as long as the marker 

is in the image. 

5.2 Real-time Performance 

First, we consider the frame rates. Client 1 (a smartphone) exhibited an actual frame rate of 28.3 fps in the 

Present scenario, 24.4 fps in the Equipment scenario, and 28.9 fps in the Withplant scenario, as given in 

Table 3. These frame rates are higher than the 15 fps (Chen and Thropp 2007) that is considered satisfactory 

for users, and the system was processed sufficiently real-time. On the other hand, client 2 (a laptop PC), 

which displayed simultaneously with client 1, exhibited actual frame rates of 7.8–8.8 fps in the three 

scenarios, below the threshold of 15 fps. One reason for this frame-rate degradation was the effect of the 

video-compression performance of the client device. Table 3 shows that loop A was the bottleneck for 

client 2, so one of the processes in loop A shown in Figure 2 was the reason for the bottleneck. In loop A, 

the client device acquires the camera image and encodes the video to reduce the communication volume. 

In particular, we considered that video-encoding processing is to be a burden on client devices, so future 

system improvements will be necessary, including a consideration of encoding formats. If other clients 

could operate with the same real-time performance as that of client 1 using a smartphone, then it would be 

possible to use the MR system with the same real-time performance on multiple client devices. 

Next, we consider the latencies. With the proposed method, there was almost no temporal discrepancy 

between the rendered image of the virtual world and the real-world image composited as the background 

on the display image. This is because the server processed the tracking and rendering continuously. The 

latency measured in this experiment was the time that it took for a device’s movement to be reflected in the 

resulting MR image and displayed. Figure 5 shows that the latency was 272–555 ms for client 1 and 307–

1,113 ms for client 2. Regarding latency, Miller (1968) reported that it should be less than 100 ms to feel 

real-time, but all the latency values in this experiment were larger than this. There was a clear difference in 

the time that it took for a device’s movements to be reflected and displayed. Latency could be caused by 

the time taken for communication between the client device and the server. Because the proposed method 

used video communication between the server and the client, we considered that the amount of 

communication was large even with video compression. In this verification, both the client and server are 

communicating within the local network, but it is not obvious whether the current communication 

bandwidth is sufficient. In the future, it is necessary to examine the degree of dependence on the 

communication bandwidth and to consider how much the improvement of communication bandwidth 

affects the overall latency. Even if the proposed method is used outdoors and the client is distant from the 

server in the future, the introduction of the fifth-generation mobile communication system (5G) will 

increase the communication bandwidth, which will reduce the time required for communication even for 

large-volume communication. 

Finally, we consider the impact of the data volume of the 3D model on the real-time performance. In the 

present experiment, we used the 3D models varied widely in data size, from ~0.18 million polygons for the 

smallest (Present) to ~2.66 million polygons for the largest (Withplant), but there was no appreciable 
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difference in the real-time performance of each device within that range of data size. Table 3 shows that 

the actual frame rates for the scenarios were almost the same for client 2, while for client 1, its highest 

actual frame rate was in fact that in the Withplant scenario with the largest data volume; this indicates that 

the data size of the 3D model up to 2.66 million polygons to be displayed does not affect the frame rate. 

We also considered that the average latency shown in Figure 5 was unaffected by the data size of the 3D 

model up to 2.66 million polygons. In future work, it will be necessary to verify the impact on real-time 

performance when using 3D models with larger data sizes. 

6 CONCLUSION 

The 3D models such as BIM models used in AEC tend to have large data sizes, thereby making them 

difficult to handle on MR systems. The computational load becomes large for the MR visualization of 

frequently updated 3D models, this being because these models cannot be processed in advance to reduce 

the data volume and so are difficult to handle with MR devices. Therefore, this study proposed a method in 

which a server takes over the processing for MR display of 3D models with large data size. Furthermore, 

multiple devices can connect to a single server simultaneously and share the 3D model therein, thereby 

enabling MR display from any viewpoint on each device. We developed a prototype system and verified 

for this method. In the experiment, the MR system visualized the results of an indoor daylighting simulation 

in real time in the server and verified the following two points regarding the proposed method. 

• The simulation results in the server could be shared by multiple devices and displayed in real time 

from an appropriate viewpoint on each device. 

• Even with the large data size of the 3D model up to 2.66 million polygons, there was almost no 

impact on the real-time performance of the resulting MR images. 

In this verification, we used smartphones and laptop PCs as client devices, but our proposed method can be 

applied to head-mounted devices as well, and can satisfactorily display large-volume 3D models that could 

not be satisfactorily displayed on a head-mounted device alone. Because the proposed method shares the 

3D model with multiple clients, it is possible to share the results of operations on the 3D model. As a 

challenge, the system should be improved to enable satisfactory real-time processing regardless of the 

device. Because the client and server send and receive images to and from each other, the traffic volume of 

communication is considered to be large, so it is expected to further reduce the traffic volume and shorten 

the latency by optimizing the encoding method of the images. This system needs to verify how real-time 

performance is affected by the quality of communication. The real-time performance of larger volumes of 

3D models and various models such as BIM models should also be verified. Further validation with a larger 

number of clients is also needed. The effectiveness of the proposed method, when used in the AEC field, 

needs to be verified through these additional tests. 
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