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ABSTRACT

Prognostics and Health Management (PHM) for buildings
requires accurate digital representations that support energy-
efficiency assessment and predictive analysis throughout
the asset lifecycle. This is particularly important for build-
ing envelopes, whose condition directly affects thermal
performance, energy efficiency, occupant comfort, and long-
term structural health. However, most existing buildings lack
simulation-ready digital models, while current inspection and
modeling workflows remain labor-intensive, geometrically
limited, and inadequate for integrating thermal and phys-
ical information. This thesis proposes a cost-efficient and
automated framework for reconstructing simulation-ready,
multi-modal three-dimensional building representations from
visual inputs alone. The research is organized around three
main contributions. First, it develops semantic scene re-
construction methods that combine neural implicit surface
modeling with semantic prediction to recover detailed 3D
building envelopes and estimate key characteristics such as
window-to-wall ratio and footprint. Second, it investigates
learning-based estimation of thermophysical parameters
through implicit thermal field reconstruction and differen-
tiable heat-transfer simulation. Third, it addresses practical
sensing constraints by enabling multi-modal reconstruction
from limited and unsynchronized thermal observations.

1. MOTIVATION AND PROBLEM STATEMENT

Prognostics and Health Management (PHM) aims to monitor
asset conditions, identify degradation, diagnose faults, and
support predictive decision-making throughout the asset life-
cycle (Fink et al., 2026). In the built environment, PHM
is increasingly important because buildings are long-lived,
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energy-intensive assets whose envelope conditions strongly
affect thermal performance, energy efficiency, occupant com-
fort, and long-term structural health (Nardi, Lucchi, Rubeis,
& Ambrosini, 2018). This need is especially urgent in Eu-
rope, where building operations account for 40% of total en-
ergy consumption and 35% of greenhouse gas emissions, as
reported by the European Commission (EC, 2024). These
figures underscore the importance of both energy-efficient de-
sign and effective retrofitting for achieving climate neutrality.

However, effective PHM for buildings remains limited by the
lack of accurate, scalable, and updatable digital representa-
tions of existing assets. Most buildings lack detailed Build-
ing Information Modeling (BIM) or Building Energy Mod-
eling (BEM) models, while generating such models remains
labor-intensive, expert-driven, and costly (C. Xu et al., 2025).
This limitation is particularly critical for building envelopes,
where degradation mechanisms such as insufficient insula-
tion, thermal bridges, material aging, facade damage, and
window-related heat losses often remain undetected without
detailed geometric and thermal characterization.

Moreover, a functional digital building model for energy
analysis and renovation requires additional inputs, including
key building characteristics, such as orientation, window-
to-wall ratio, and building footprint, as well as physical
parameters, such as thermal resistance and material prop-
erties. These variables must be accurately measured or
estimated to faithfully represent real-world building systems
and enable continuous monitoring and predictive forecasting.
However, existing inspection and modeling workflows still
rely heavily on manual surveys, sparse measurements, or
simplified assumptions (Marino, Nucara, & Pietrafesa, 2017;
Chi et al., 2020). Together, these challenges underscore the
urgent need for a cost-efficient and automated solution
that can rapidly generate energy-oriented digital building
models from scratch, particularly for existing structures
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without prior digital documentation.

Recent advances in visual 3D representation techniques,
such as Neural Radiance Fields (Fan et al., 2022) and Gaus-
sian Splatting (Kerbl, Kopanas, Leimkühler, & Drettakis,
2023), have demonstrated remarkable capability in captur-
ing detailed representations of complex environments and
advancing 3D scene understanding. These neural represen-
tations effectively overcome the limitations of traditional
point-cloud-based methods in handling sparse image inputs
and complex geometries. However, their applications have
largely been confined to domains such as robotics (Wang et
al., 2024), human avatars (Sun et al., 2022), and autonomous
driving (Tonderski et al., 2024), leaving a significant research
gap in their application to building digitalization. Address-
ing this gap is critical, as these techniques hold substantial
potential for creating highly accurate and detailed 3D build-
ing models that can be directly integrated into simulation
workflows and support energy-efficiency assessment.

Moreover, current neural representations primarily focus on
geometry and appearance, which are insufficient for ther-
mal simulation and energy-oriented analysis. In contrast,
PHM requires the integration of multi-modal information,
as degradation is rarely observable from a single modality
alone (Fink et al., 2026). In building applications, combining
RGB, semantic, and thermal data can provide complemen-
tary information: RGB imagery captures appearance and
geometric cues, semantic information identifies building
components, and thermal imagery reveals heat-transfer pat-
terns and anomalies associated with envelope defects or
material deterioration. Beyond multi-modal scene under-
standing, effective PHM also depends on estimating latent
physical parameters, such as thermal conductivity, diffusiv-
ity, and boundary conditions, which govern heat-transfer
behavior. However, vision-based estimation of such parame-
ters has received limited attention in the context of buildings.
Without these physically grounded parameters, PHM systems
remain largely confined to descriptive inspection, rather than
enabling reliable diagnosis and prognosis.

In summary, this doctoral thesis aims to develop a cost-
efficient and automated framework for generating digi-
tal building models for energy-efficiency evaluation from
image-based observations. The proposed research will ad-
dress scene reconstruction for complex geometries, accurate
estimation of building characteristics and thermophysical
parameters, and integration with heat-transfer simulation.
The significance of this research lies in its potential to make
advanced building energy analysis more scalable and acces-
sible. By combining recent advances in 3D reconstruction,
multi-modal learning, and physical modeling, the proposed
framework is expected to support decision-making, ren-
ovation planning, and performance optimization for both
existing and future buildings.

Figure 1. Overview of the proposed framework for generat-
ing multi-modal 3D building representations and identifying
building system parameters from RGB and thermal imagery.

2. EXPECTED CONTRIBUTIONS

The primary objective of this thesis is to integrate multi-
modal visual information into three-dimensional scene
representations for building modeling and analysis. Be-
yond conventional approaches that focus mainly on geometry
or appearance reconstruction, this thesis investigates how
high-fidelity 3D representations can support downstream
building applications. Specifically, the research addresses
two central questions: how multi-modal visual inputs can
be efficiently integrated into implicit scene representations,
and how the resulting representations can be exploited for
building-specific analysis tasks. The main pipeline of the
proposed framework is illustrated in Fig. 1.

2.1. Semantic Scene Reconstruction for Building Charac-
teristics Estimation

Building characteristics, such as orientation, dimensions, and
window-to-wall ratio (WWR), are key inputs for energy-
consumption analysis (Choi, Cho, & Kim, 2012), sustainable
building design (Bank, McCarthy, Thompson, & Menassa,
2010; Al-Saggaf, Taha, Hegazy, & Ahmed, 2020), and
retrofit planning (Pichugin, 2018). However, these applica-
tions typically assume that such characteristics are known
a priori. Existing methods remain largely limited to 2D
planar analysis or simplified 3D approximations, making
them insufficient for capturing the geometric complexity and
component-level details of real-world buildings.

The first contribution of this thesis addresses this gap by
developing a framework to estimate building characteris-
tics from a fully 3D spatial perspective. By integrating
neural implicit surface reconstruction with semantic mod-
eling, the proposed approach recovers detailed geometry
and component-level information, even for buildings with
complex geometries or partial occlusions. Based on the
reconstructed surfaces, a mesh-based analysis method will be
introduced to estimate key building characteristics, including
the window-to-wall ratio and building footprint. To support
systematic evaluation, the thesis will also provide a dedicated
synthetic building dataset with ground-truth characteristics
and a corresponding benchmarking pipeline.
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2.2. Learning-based Physical Parameter Estimation for
Thermal Simulation

Accurate identification of material-specific physical param-
eters is essential for heat-transfer simulation in buildings.
Parameters such as thermal conductivity, thermal diffusivity,
and boundary conditions govern how heat propagates through
building components and play a critical role in replicating
real-world thermal behavior. However, obtaining these pa-
rameters through direct measurement is often impractical,
particularly for existing buildings, where observations are
typically limited to sparse surface-level thermal data.

The second contribution focuses on estimating such ther-
mophysical parameters from thermal image sequences.
Since these latent properties cannot be directly inferred
from surface temperatures alone, the proposed framework
reconstructs continuous implicit 3D thermal fields from
sparse observations and couples them with differentiable
heat-transfer simulation. By combining implicit neural repre-
sentations with physics-based constraints, the method aims to
infer internal thermal states and material-related parameters
relevant to building performance. In addition, the integration
of semantic scene information will support parameter esti-
mation across different building components and materials,
thereby improving the realism and applicability of thermal
simulation for building analysis.

2.3. Multi-Modal Neural Thermal Scene Reconstruction

Existing thermal scene reconstruction methods (Hassan, For-
est, Fink, & Mielle, 2024; J. Xu, Liao, Prabhakar, & Patel,
2024; Lin, Pan, Fridovich-Keil, & Wetzstein, 2024; Ye et
al., 2024) primarily focus on thermal novel view synthesis,
aiming to generate high-fidelity thermal images from unseen
viewpoints rather than explicit 3D representations. As a
result, these methods do not directly provide surface-based
or volumetric models, such as meshes or structured thermal
fields, that are suitable for simulation-driven energy anal-
ysis. Without such structured geometric representations,
NeRF-based thermal reconstructions lack the spatial fidelity
and physical interpretability required for building envelope
characterization and heat-transfer simulation.

The final contribution of this thesis addresses the practi-
cal challenge of reconstructing multi-modal scenes when
thermal inputs are sparse, unsynchronized, or not tightly
calibrated with RGB imagery. To this end, this thesis will
develop a thermal-specific alignment pipeline that combines
temperature-derived structural features with geometric priors
from monocular 3D reconstruction to estimate thermal cam-
era poses under challenging sensing conditions. In addition,
uncertainty-aware strategies will be investigated to identify
and filter unreliable thermal observations, thereby improv-
ing reconstruction consistency and robustness. Finally, the
work will explore methods for converting implicit thermal
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Figure 2. Planned research timeline and major milestones.

scene representations into explicit 3D thermal models, en-
abling their integration into downstream energy analysis and
simulation workflows.

3. PROPOSED RESEARCH PLAN

3.1. Time Plan

This PhD research began in February 2024. As of March
2026, the first contribution has been completed and published
in Building and Environment, while the second contribution
is currently being prepared for submission. The remaining
work will focus on multi-modal thermal scene reconstruction
and thesis writing. The detailed schedule is shown in Fig. 2.

3.2. Current Progress

To date, the first contribution has been successfully com-
pleted and published. This work focused on semantic scene
reconstruction for estimating building envelope charac-
teristics from sparse visual observations. Specifically, it
introduced a two-stage framework that reconstructs semantic
building envelopes in 3D and estimates key envelope char-
acteristics from the reconstructed scene. The framework
combines an SDF-based neural surface representation with
an additional semantic network, enabling the joint recovery
of building geometry, appearance, and semantic attributes
within a unified 3D representation. On top of this repre-
sentation, a mesh-based analysis pipeline was developed
to estimate characteristics such as the window-to-wall ra-
tio (WWR) and building footprint from a fully 3D spatial
perspective. In addition, a synthetic benchmark dataset was
created for evaluation, comprising 28 diverse 3D building
models, each rendered with 200 multi-modal images and
annotated with ground-truth building characteristics. Exper-
imental results demonstrated that the proposed BuildNet3D
framework generalizes well across different building types
and achieves accurate WWR estimation, thereby establishing
a strong foundation for the subsequent stages of the thesis.

The second work package is currently in draft form and
focuses on learning-based estimation of thermophysical pa-
rameters from imagery. It proposes a physically grounded
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framework that treats neural thermal scene representations
not merely as rendering tools, but as intermediate physical
models for inferring material and boundary parameters from
temperature observations. Specifically, the method jointly
reconstructs geometry and time-resolved temperature fields,
and couples them with a heat-transfer model to estimate
thermal properties directly from the reconstructed scene. The
framework consists of three main components: SDF-based
geometric reconstruction from RGB images, differentiable
forward heat-transport simulation, and inverse estimation of
thermal diffusivity through this differentiable formulation.
The draft also includes a preliminary experimental design
using both synthetic and real data, together with comparisons
against existing inverse estimation baselines. Overall, this
second contribution extends the thesis from geometric and
semantic scene understanding toward physically grounded
thermal modeling, laying the methodological basis for
predictive simulation and PHM-oriented analysis.
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