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INNOVATIVE TECHNOLOGIES IN MODERN ARCHITECTURAL VISUALIZATION

The development of architectural and design visualization from static rendering to interactive environments
using BIM, real-time technologies, XR, artificial intelligence, and digital twins has been analyzed. Their main
advantages, limitations, and prospects for application in the design process have been identified. Keywords:
architectural visualization, design, BIM, real-time rendering, XR, artificial intelligence, digital twin.

Visualization in architecture and design [1-6] is evolving from a means of final presentation into a tool used
throughout the entire process, from concept development to building operation. This process is significantly influenced
by the development of BIM, graphics processing units (GPUs), game engines, XR, cloud services, and generative Al.

The current development of architectural visualization is characterized by a transition from static visual
representation to an interactive information model. A systematic review of XR in the AEC sector demonstrates the use
of such systems in design, coordination, training, and monitoring [1]. Therefore, modern visualization tools should
provide not only high-quality images but also efficient interaction with the model and its data.

Offline rendering provides high-quality static images, but every significant change requires a new rendering
process. In a real-time environment, the scene is continuously updated, allowing the designer to immediately see the
results of any changes.

Modern rendering systems [1-6] combine physically based materials, dynamic lighting, ray tracing, and
geometry optimization. Studies on real-time rendering emphasize the role of GPU acceleration, LOD, occlusion culling,
and shader optimization [2]. In architectural projects, these technologies make it possible to immediately view changes
in lighting, finishes, furniture, or fagades.

Real-time miaxinm ckopouye muki «3MiHa — mepeBipka — moromkenHsi». Unreal Engine migrpumye iMmopt
CAD/BIM/DCC-nanux, onoBnenss uepe3 Datasmith, munamiune ocsitienns ta XR-mpesenranii [2]. Omxe, oduaiin-
PEHIEpUHT OIIbHIIIE BUKOPHUCTOBYBATH JJIsi CTBOPEHHS SIKICHOTO (iHAIBHOTO 300pakeHHs:, a real-time — kouu
MOTPIOHO MIBHIKO MEPETIIAAATH Ta OTOPKYBATH 3MIiHU.

Modern architectural visualization is gradually shifting from static images to interactive environments that
combine a 3D model, data about the object, and tools for interacting with it. The main stages of this transformation —
from static rendering to the use of BIM, XR, artificial intelligence, and digital twins — are shown in Fig. 1.

Static Render Real-Time Rendering BIM + Visualization XR Al + Digital Twins

photorealism interactivity data + geometry immersion adaptivity

Fig. 1. Main stages of the transformation of architectural visualization technologies (developed by the authors)
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BIM differs from a conventional 3D model by the presence of attribute data. When BIM is integrated with
visualization tools, it is possible to work not only with geometry and materials, but also with information about
engineering systems and individual building elements.

This enhances interdisciplinary communication: the client evaluates the space, the architect — the composition,
the engineer — the systems, and the manager — the status of the work. A further development is the digital twin, in which
the model is linked to up-to-date data about the object and can support monitoring and scenario analysis [2].

XR encompasses VR, AR, and MR. These technologies allow users to evaluate a digital model directly at the
scale of the space. Unlike a conventional screen, the user can relate the model to their own scale and spatial
environment. This helps identify issues related to proportions, navigation, and spatial comfort that are more difficult to
assess in drawings. The use of XR also makes it possible to evaluate architectural solutions before they are physically
implemented.

XR technologies have a wide range of applications in architecture and design; however, their integration with the
BIM environment is associated with challenges related to hardware performance and stable data exchange [1]. One area
of development is the automatic transfer of changes from the BIM model to the XR environment. In interior design, XR
makes it possible to assess the scale of furniture, circulation spaces, and lighting; in architecture, to analyze fagades,
public spaces, and routes; and during reconstruction, to combine digital data with the real object. In this case, not only
image quality but also the accuracy of spatial representation is important.

The technologies considered have different functional purposes, advantages, and limitations; therefore, the
choice of a specific approach depends on the stage of the design process and the task at hand. Each of them provides a
different level of realism, interactivity, and speed of visual data processing. Combining several technologies makes it
possible to expand the possibilities for presenting and analyzing architectural solutions. A comparative description of
the main modern visualization technologies is presented in Table 1.

Table 1
Comparative Characteristics of Visualization Technologies

Technology Main Advantage Typical Task Main Limitation
Offline Rendering Maximum Image Quality Final Presentation Re-rendering Time
Real-time Instant Interactivity Variants, Walkthrough Scene Optimization

BIM Visualization

Connection to Data

Project Coordination

Complexity of Data
Exchange

XR

Sense of 1:1 Scale

Spatial Verification

Equipment, Comfort

Generative Al

Rapid Variability

Concept, Mood/Style

Inaccurate Details

As can be seen from Table 1, each technology has its own area of application. Offline rendering is more focused on
creating a high-quality final image, while real-time technologies are convenient for quickly reviewing changes in the scene.
BIM makes it possible to work with data about the object, while XR allows the space and its scale to be evaluated.
Therefore, it is advisable to combine several technologies within a single project depending on the tasks at hand.

A separate direction in the development of modern visualization is the use of generative Al. It makes it possible
to quickly create several image variants based on a text description, sketch, or initial image. In particular, Al models are
used for early photorealistic visualization of fagades and for exploring architectural styles [2]. At the same time,
generated images may contain geometrically or structurally incorrect details; therefore, they should not be considered
equivalent to a finalized design solution.

A promising approach is the integration of Al with BIM/CAD: geometry and parameters are created within the
design environment, while artificial intelligence is used to quickly explore stylistic and visual alternatives. In this case,
Al is used not separately, but as one of the tools in the process of working on an architectural project.

A digital twin links a 3D representation with up-to-date data from the real object, transforming visualization into
a monitoring interface.

The co-authors proposed a digital twin that integrates BIM, 10T, Al, and mixed reality; the system combined 3D
visualization, navigation, and environmental monitoring [4]. Thus, a single digital foundation can sequentially function
as a conceptual model, a presentation, a coordination tool, and an operational interface. The relationship between the
main technologies and their integration within a unified visual environment is summarized in Fig. 2.

36



HOBUWU KYPC » WWW.NEWROUTE.ORG.UA
HAHM YKPAITHU « WWW.NEWROUTE.ORG.UA/NANMU
ISCU «PROTON GLOBAL» *» WWW.NEWROUTE.ORG.UA/PROTON

Al
BlM/CAD . variants, stylization ) ( Real-time i

geometry, attributes lighting, materials ‘

* Wall

* Material
 Dimensions
« Surface

« Cost

UNIFIED VISUAL \

ENVIRONMENT
\ XR

Cloud
ou | / T
: Digital Twin

| loT data, condition

@ Temperature
22°C
Energy consumption
48 kvh/day

System status ‘

Normal

’ €O,
620 ppm

Fig. 2. Convergence of Technologies in the Modern Architectural Design Cycle (developed by the authors)

Fig. 2 shows how different technologies can be combined in the process of working on an architectural project.
BIM/CAD provides geometry and attribute data, Al provides the generation and variability of solutions, real-time
technologies provide interactive visualization of changes, XR provides spatial interaction, cloud services support
collaboration, and the digital twin connects the model with up-to-date data from the real object. As a result, a single
digital model can be used at different stages of working with the object.

The further development of architectural visualization is associated with the integration of BIM, real-time
technologies, Al, XR, and digital twins. At the same time, visualization can represent not only the appearance of an
object but also data on illumination, energy consumption, and the condition of its systems [5]. This makes it possible to
use the digital model not only for presentation but also for the analysis of design solutions. The combination of different
technologies also simplifies making changes to the project and makes it possible to evaluate their results more quickly.

Automation will reduce the number of routine stages while simultaneously increasing quality control requirements.
The further development of digital tools will make it possible to create and process visual materials more quickly, as well
as to make changes at different stages of the design process. At the same time, the role of the specialist will gradually shift
from performing repetitive operations to verifying and analyzing the obtained results. This will allow specialists to devote
more attention to creative and design tasks, leaving some technical operations to automated tools.

It is particularly important to verify whether the visualization corresponds to the initial project parameters, since
a realistic image does not always mean that the information presented is accurate. The integration of automated tools
with BIM, XR, and real-time technologies will also simplify interaction among project participants. Thus, new
technologies are changing not only the process of creating visualizations but also the possibilities for their use in the
analysis and discussion of design solutions. The expected impact of the main technological trends on the architectural
and design process is presented in Table 2.

Table 2
Expected Impact of Trends on the Architectural and Design Process
Trend Change in the Workflow Practical Effect
Use of Al in Design Rapid Creation ofsggrelants at the Initial Faster Exploration of Concepts
Real-time+ BIM Evaluation of Char)ges Without a Long Faster Approval
Rendering Cycle
XR Evaluation of Space at the User’s Scale Identification of Spatial Problems
- . Use of Up-to-Date Data from the Real Monitoring of the Object’s Condition and
Digital Twin . . L
Object Support for Operational Decisions
Cloud Technologies Simultaneous Collaboration of Improved Coordination and Data
9 Participants on the Digital Model Exchange
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The data in Table 2 show that modern technologies influence not only the final appearance of the visualization

but also the process of working on the project itself. They make it possible to check changes more quickly, evaluate
space, and work with information about the object. Therefore, the further development of visualization is largely
associated with the integration of various digital tools [6].

The analysis conducted showed that modern architectural visualization is no longer limited to the creation of static

images. BIM, real-time technologies, XR, and Al are gradually being integrated into the process of working on a project
and make it possible to introduce changes more quickly, evaluate spatial solutions, and work with object data. At the same
time, the use of new technologies requires control over the accuracy of the obtained results. The further development of
this field will primarily be associated with the integration of various digital tools into the design process.
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