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Heritage buildings are valuable assets that represent national cultural identity. Proper building maintenance is a
major issue for preservation, as building monitoring aspects and preventive measures are often only taken after
physical damage happens. In the context of Indonesian heritage buildings, high levels of humidity which may
cause condensation and soil dampness are often overlooked. Early detection methods are urgently required to
effectively detect potential risks of condensation. This study aims to investigate condensation risk for heritage

building surfaces by calculating thermal properties (i.e., emissivity, albedo) and Blinn-Phong BRDF values
through the integration of thermal imaging and 3D scanning techniques. This approach supports architects and
conservators in making informed decisions to protect and maintain cultural heritage structures. The study also
highlights gaps in current Indonesian regulations regarding moisture presence and condensation risk detection in

heritage buildings.

1. Introduction
1.1. General background

Cultural heritage buildings play a vital role as national assets and
emblematic embodiments of cultural identity. However, preserving
cultural heritage buildings remains a great challenge, especially in
humid tropical countries like Indonesia, where environmental condi-
tions frequently precipitate physical deterioration. Elevated atmo-
spheric moisture content is often the reason for deterioration of cultural
heritage sites. The presence of moisture gradually poses a significant
peril, potentially leading to complications such as condensation, high
level of humidity, soil moisture, and analogous issues [1]. As per Sesana
et al. [2], the incremental changes in climate conditions pose significant
threats to the indoors environments of heritage structures. These threats
manifest through mechanical degradation induced by phenomena like
freeze-thaw cycles and salt crystallization cycles, leading to physical
harm to hygroscopic materials such as wood and masonry. Additionally,
there is chemical and biological deterioration affecting materials such as
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silk, wall decorations, furniture fabrics, and paper, primarily due to
insect activity and mould. Such degradation is more pronounced in re-
gions with warmer climates and higher humidity levels, including
southern European countries, the British Isles, and Scandinavian coun-
tries. Indonesia’s warm climate and relative humidity levels, provokes
similar degradation. For example, the Gudang Timur Batavia, located in
Central Jakarta and formerly utilized as a grain warehouse during the
Dutch colonial period, is one among numerous pertinent instances
illustrating building decay [3]. This deterioration stems from prolonged
neglect and inadequate maintenance practices. Similarly, Toko Kompak,
an old drug store which was built in 1800, is equally threatened despite
its significant historical relevance to Jakarta’s urban history. Currently,
this building exhibits conspicuous signs of material degradation, with
original components such as wood and marble walls showing pro-
nounced fissures and undergoing material deterioration. These exam-
ples demonstrate the imperative of early detection regarding potential
condensation and humidity risks, aiming not only to mitigate long-term
structural repercussions but also to prevent occupant health issues
associated with sick building syndrome [4].
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Moisture and condensation detection are distinct yet interrelated
processes. Although both are essentials for maintaining an indoor
environmental quality of the building, moisture detection focuses on
quantifying the amount of moisture present in building materials or
structures [5] while condensation detection primarily aims to identify
condensation-prone areas based on environmental conditions [6].
Furthermore, moisture detection within buildings can be categorized
into two principal methodologies: physical and chemical analysis [7].
First, physical analysis mainly concerns the identification of physical
damage resulting from condensation occurrences. Various techniques
can be used for this purpose, including Ground Penetrating Radar (GPR)
for probing through the masonry ceiling [8], LoRa technology using
radio signals for moisture detection in wood materials within heritage
structures [9], microwave spectroscopy coupled with close-range
photogrammetry utilizing clustering algorithms such as t-SNE, PCA,
K-Means, and hierarchical clustering [10], and 3D laser scanning uti-
lizing laser reflectivity [11]. Second, chemical analysis focuses on
examining the chemical reaction of moisture in the building. This, for
example, can be done through Karl Fischer method that measures the
water content in a material by reacting the water with a reagent con-
taining iodine and sulfur dioxide (Mettler [12]. Another method is
gravimetric technique, as conducted by Anca-Couce et al. [13]. It aims to
determine the amount of substance within a mixture. Dash et al. [14]
employ a cost-effective chemosensor, designated as L, to detect water
molecules in a material. However, it is essential to note that while these
methods are primarily used to identify moisture content in samples, it
may not directly address specific issues related to condensation detec-
tion in the building context.

Among the above-mentioned approaches in detecting moisture and
condensation, this study proposes the potential application of 3D laser
scanning technology as a non-destructive method. Due to advancements
in laser scanning technology, it’s now possible to produce reality-based
datasets not only due to its exceptional quality and precision within just
minutes but also its capability to encompass geometric and radiometric
information of the existing context [15]. Further elaboration of this
technology may provide great relevance in measuring and detecting
potential degradation on the surfaces of cultural heritage buildings. For
example, Rocha et al. [16] integrate 3D scanning and photogrammetry
to create a Heritage Building Information Modeling (H-BIM), Alkadri
et al. [17] employ attributes information of point cloud data to detect
small fractures in heritage building surfaces, Lerones et al. [11] incor-
porate 3D scanning, thermal images, and thermos hygrometer to iden-
tify moisture detection in the building. However, most of these studies
primarily take place on physical appearance of the building materials so
they only focus on morphological surfaces of the building while radio-
metric information has yet to be fully investigated. On the other hand,
the optical behavior of laser beams produced by laser scanners can be
used to calculate material reflectance properties (i.e., albedo, emissivity,
Bidirectional Reflectance Distribution Function (BRDF)) of the building
surfaces and this calculation can potentially lead to condensation
detection.

Efficient environmental control is vital for such preservation efforts.
Bonora, Fabbri, and Pretelli [18] emphasize that achieving an ideal in-
door microclimate in heritage buildings often requires the use of HVAC
systems, which can maintain relative humidity between 20 and 40 %
throughout the year. This level of humidity is crucial, as it influences the
likelihood of condensation, directly affecting the condition of building
materials. Similarly, a study conducted by Lucchi [19], highlights the
significance of energy-efficient design in heritage buildings. It in-
troduces a framework for evaluating energy performance tailored for
air-conditioned museums in tropical regions, which are often the most
common museum type in these climates. This framework includes pa-
rameters like power density and energy use intensity of HVAC systems to
assess their efficiency. It also suggests strategies like using LED lighting
and solar-assisted HVAC systems to reduce energy consumption while
preserving indoor conditions for artefacts and visitor comfort.
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Integrating these indicators into heritage preservation practices may
enhance the energy efficiency and sustainability objectives for
air-conditioned museums.

Furthermore, this study will investigate condensation risk in heritage
building surfaces by specifically calculating thermal properties and
BRDF values through the integration of thermal imaging and 3D scan-
ning techniques. The integration of its potential features may offer
several contributions, as follows:

e The study introduces a novel approach for the early detection of
condensation in heritage buildings by integrating 3D scanning and
thermal imaging techniques. This approach facilitates non-
destructive identification of potential surface degradation while
enabling the calculation of thermal properties, such as emissivity,
and albedo values. These parameters contribute to improving the
accuracy of monitoring efforts, particularly in humid tropical
climates.

This study advances the application of radiometric data, including
optical properties (i.e., BRDF) extracted from point cloud datasets to
assess the surface conditions of building materials. This allows
further reflectance analysis of building materials for evaluation of
surface moisture and condensation. This is particularly significant, as
these issues have received limited attention in the domain of heritage
preservation.

The study highlights the shortcomings in current Indonesian regu-
lations regarding moisture detection and condensation risk in heritage
buildings. By identifying these gaps, it provides a foundation for
improving preservation standards and informing better policy-making
for safeguarding cultural heritage in humid environments.The paper is
structured into five chapters. The first chapter discusses the general
background of the study. This is followed by literature review that
elucidates further state of the art related topics such as point cloud data,
condensation, and BRDF. The second chapter describes a detailed
method proposed in this study. The third chapter discusses a selected
case study. Results and discussion will comprehensively be explained in
chapter four. Lastly, the paper presents concluding remarks from the
overarching study.

2. Literature review

This study proposes a computational method to detect condensation
risks in heritage building surfaces by making use of thermal imaging and
laser scanning technology. Prior to delving into specifics of the proposed
method, it is pertinent to highlight three pivotal topics. For example, the
potential use of point cloud data offers insights into the radiometric
properties encapsulated within 3D scan datasets. It is also imperative to
elucidate the phenomenon of condensation occurring on building sur-
faces and its intricate relationship with optical properties (i.e., albedo,
emissivity, BRDF), which may significantly affect the condensation risk
on the building. A detailed explanation of each topic is described below.

2.1. Point cloud data

The rapid development of 3D laser scanning technology has extended
across multiple disciplines within design and engineering. However, its
practical implementation in the context of architectural heritage is pri-
marily concentrated in 3D digital reconstruction. In other words, the
existing studies still predominantly take geometric properties of point
clouds as a main subject of investigation. As a product of laser scanning
technology, on the other hand, point cloud data has supplementary
metadata that corresponds to each measurement record [20]. It consists
of three coordinate position (xi, yi, zi)T € R, enhanced with auxiliary
attributes (aj,i), where j ranges from 1 to mi and i represents the number
of attributes per point (P;)) [21]. Here, Otepka et al. [21] described
further that each point (Pi) can be represented as a vector (xi, yi, Zi, O1i, ...,
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am,i)T, the first three components are fixed, corresponding to the point’s
coordinates, while the remaining components vary among different
points in the cloud.

Based on the above definition, the data structure of point clouds can
generally be characterized into geometric and radiometric information
(22), consisting of spatial position information (XYZ) [23], color infor-
mation (RGB) [24] and reflection intensity (I) [25]. This attribute in-
formation can further be used to cater different tasks such as data
visualization [26] and performance analysis [27]. For example, position
information can be used as an index to align and select the coordinate
locations of color and intensity information within the dataset. Mean-
while, RGB color can be utilized to identify specific areas based on their
distinct color properties. Kobayashi et al. [23] employed this color in-
formation by calculating hue and saturation values of road signs in
Japan. Similarly, Zhan et al. [28] used colorimetric similarity and spatial
proximity to conduct color-based segmentation of Chinese architecture.
Reflection intensity can also be employed to investigate surface
morphology of the scanned dataset as it denotes the reflectivity of sur-
face datasets [29]. This attribute can potentially be used to explore
material characteristics of surface datasets.

Recent studies have explored the utilization of point cloud data’s
radiometric properties, particularly reflection intensity, for environ-
mental monitoring purposes. Reflection intensity data can be used to
assess surface moisture levels, as it correlates with changes in surface
properties influenced by humidity Laasch, et al., [30]. For instance, Orr,
et al., [31] highlighted the role of intensity values particularly using
microwave and radar in detecting moisture variations in stone walls,
where higher reflectance was found to correspond with drier surfaces.
Similarly, Proietti, et al., [32] demonstrated that by analyzing variations
in reflection intensity over time, it is possible to monitor the progression
of moisture and condensation in historic buildings, thereby identifying
areas at higher risk for deterioration. These studies underscore the po-
tential of point cloud data to enhance the understanding of
humidity-related challenges in heritage structures, making it a valuable
tool in the preservation of Indonesian heritage buildings, where hu-
midity is a significant concern. Given the potential application of attri-
bute information stored in point cloud data, this study will specifically
explore the further capabilities of this attributes information (i.e.,
radiometric properties) in relation to condensation risk in heritage
building contexts

2.2. Condensation detection

Condensation is defined as the transition of water vapor into liquid
water [4]. It occurs when humid air undergoes cooling below its dew
point temperature due to the relatively lower temperature of the
building surface. In this regard, the dew point temperature is critical in
predicting condensation onset on the building surface. This parameter
can be assessed through conventional methods such as reference to a
Psychrometric chart or mathematical formulation as illustrated in Eq.
(1) [33]:

Bl {m(%) + ,;*1—12}
Td = (@]
Al — In <%> - BfufT
With:

T4 = Dew point temperature Co

B; = 243.04 °C (constant)

A1 =17.625 oc (constant)

RH = Relative Humidity (%)

T = Room temperature &9)

The occurrence of condensation within a building poses a significant
risk, potentially leading to structural damage or leakage. Such conden-
sation issues are particularly prevalent in heritage structures
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characterized by inadequate ventilation, compromised water piping
systems, or suboptimal Heating, Ventilation, and Air Conditioning
(HVAC) configurations. In response to this challenge, researchers are
actively exploring innovative methodologies, with particular emphasis
on heritage buildings. Brown et al. [34] employed advanced 3D scan-
ning techniques to systematically capture and analyze the surface
morphology and structural integrity of docoots (doves), pigeonhole
nests dating back approximately 500 years. Additionally, Alfano et al.
[35] extended their investigation on dampness assessment within cul-
tural heritage structures. Their inquiry revealed that thermographic
analysis has long served as reliable method, yielding quantitatively
robust measurements sensitive to subtle humidity variations or mea-
surements deep within walls, where microclimatic impacts (i.e., tem-
perature, relative humidity, wind, solar radiations) are minimal.
However, despite its reliability, this approach is constrained by the ne-
cessity for physical contact with the building, posing a heightened risk of
structural damage. Furthermore, Muradov et al. [10] devised an
assessment method utilizing microwave systems, photogrammetry, and
terrestrial laser scanning (TLS) to ascertain moisture content within
heritage building walls. Although this method enables microwave sig-
nals to capture temperature and moisture dataset for each surface area,
its surface coverage is limited, spanning dimensions of only 220 mm x
320 m.

Since 3D scanning technology provides more accurate and wider
measurement areas, this study further explores the relevant approaches
and parameters specifically used to calculate condensation risks. For
example, optical properties on the surface of material may indicate
structural behavior and reflectance characteristics of a material and
these can potentially be used to further identify the condensation
properties in a building.

Given the capacity to offer precise and expansive measurement ca-
pabilities from 3D scanning technologies, this study endeavours to delve
further into the methodologies and parameters pertinent to the assess-
ment of condensation risks. Notably, the study scrutinizes optical
properties exhibited on material surfaces, which may serve as indicators
of structural behaviour and reflectance characteristics. These properties
can potentially be used to elucidate condensation impact within a
building environment, thereby enriching the repertoire of tools avail-
able for such assessments.

2.3. BRDF

In general, the optical characteristics of materials offer valuable in-
sights into their structural composition and behavior across varying
environmental contexts. In relation to condensation, there are at least
three reflectance properties that require further consideration, namely
albedo, emissivity, and BRDF. In this regard, albedo constitutes of the
fraction of incident light reflected by a surface [36]. It plays a pivotal
role in the energy dynamics of urban settings by determining the ab-
sorption percentages of solar radiation. The albedo values are usually
quantified on a scale ranging from 0 to 1, with lower values indicative of
greater absorption, akin to a blackbody [36]. Emissivity, on the other
hand, is the measure of radiation emitted from the surface of a material
[36]. It is defined as the ratio of radiated light reflected from a material
to the volume emitted to a blackbody at the same temperature, wave-
length, and emission direction. Materials with smooth and shiny sur-
faces, such as plastics, ceramics, water, and polished metals, typically
exhibit high-intensity values but low emissivity levels. Although emis-
sivity and intensity values are conceptually opposite, they both pertain
to surface material properties. Consequently, emissivity values can be
inferred from corrected intensity data.

Drawing on the above consideration, both albedo and emissivity
concepts elucidate how light and energy interact with surfaces, focusing
primarily on reflected rather than received light and energy. In order to
provide a more comprehensive interpretation of reflectance properties,
Nicodemus introduced the concept of BRDF in 1977, defining it as the
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ratio between reflected light rays and incident radiation across a surface
area [37]. BRDF accounts for the directional distribution of reflected
light relative to both illumination and viewing geometries. Conse-
quently, BRDF values offer a more nuanced characterization of surface
properties. In this regard, the BRDF value is determined by two primary
factors, namely radiance and irradiance [38], as can be seen in Fig. 1.

BRDF encompasses various models depending on distinct surface
characteristics and material reflectance attributes. Reflectance charac-
teristics typically fall into three categories, posing challenges in certain
measurement: specular, diffuse, and ambient reflection [38,39]. Spec-
ular reflection entails mirror-like light emanating from a surface in a
singular direction, contrasting with diffuse reflection, which entails light
scattered in all directions [40]. Ambient reflection, conversely, denotes
the presence of ambient light within a space. Reflectance values across
these categories range from O to 1 [40].

Due to the diversity of reflections and the heterogenous nature of
materials, BRDF measurements are subject to variation across several
models, including the Torrance Sparrow, Ross Thick Li Sparse Recip-
rocal (RTLSR), Phong, Blinn-Phong, and numerous others [41]. The
Torrance Sparrow model stands out as a classic BRDF microfacet model
widely employed in computer graphics applications [42]. Notably, its
adaptability is a key asset, as its formulation does not conform to specific
microfacet distribution and Fresnel functions, rendering it suitable for
modelling both conductive and dielectric materials [43]. On the other
hand, the RTLSR model accounts for surface roughness, shadows, and
multiple scattering effects, enabling accurate representation of reflec-
tance properties across diverse surfaces [39]. While RTLSR is a BRDF
model typically used in TLS applications, conventional TLS methods
used often fail to provide insight into surface smoothness levels. To
anticipate that, the inclusion of specular reflection measurements be-
comes essential to consider.

Among BRDF models, one that incorporates specular reflection is the
Phong BRDF, introduced by Phong [44]. The Phong BRDF characterizes
surface light reflection as a blend of diffuse and specular reflection
components [44]. However, the Phong BRDF only takes irradiance when
determining its normal vector, which diverges from the mechanism of
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TLS dataset, where radiance and irradiance are typically unidirectional.
To address deviation, the Blinn-Phong model alternatively provides
relevant calculations that yield higher reflections aligning with the half
vector h, which is parallel to the surface normal (7; 29).

Fig. 2 illustrates a comparative analysis between the Phong BRDF
model and the Blinn-Phong BRDF model. Fig. 2a and b depict general
representations of BRDF models, whereas Fig. 2c and d specifically
showcase BRDF models employed in the context of TLS. Below is the
basic equation used in referring to the basic Phong’s BRDF [44] (see Eq.
).

F.(v,r) = kd+ ks(v-r) @

where:

F, = BRDF Value

v = The vector of the observer’s point of view

r = Radiance

kd = Diffuse coefficient

ks = Specular coefficient

The Blinn-Phong BRDF model, depicted in Fig. 2b, introduces an
additional vector denoted as H, representing the vector between radi-
ance and irradiance. Moreover, the angle of incidence is defined as the
angle between the H vector and the surface normal vector. The general
equation governing the Blinn-Phong model is expressed as follows [45]
(see Eq.3):

Fo(n,h) = kd + ks(n-h) (3)

where:

F, = BRDF Value

n = The vector of the observer’s point of view

h = Vector between radiance and irradiance

kd = Diffuse coefficient

ks = Specular coefficient

Given the utilization of TLS in this study, the laser beam is both
transmitted and emitted in a singular direction (see Fig. 2c& 2d). This
results in vector H facing the same direction. The dot product operation

Fig. 1. Spatial distribution diagram of BRDF hemisphere [38].
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Fig. 2. The difference between Phong and Blinn-Phong BRDF in general concept and TLS (elaborated from 45).

between vector n and h is elaborated below (see Eq. 4):

n - h = |n||hjcosa, |n| =1

——=cosa, |h| =1

n-h
ld

n-h = cosa @

Because the magnitude of vectors n and h are both normalized to 1,
the Blinn-Phong BRDF model (Eq. (3)) can be equivalently expressed as
Eq. (5). This equation will be further used in the present study as it
employs TLS dataset.

F.(n,h) = kd + kscosa %)

where:
F, = BRDF Value
n = The vector of the observer’s point of view
h = Vector between radiance and irradiance
kd = Diffuse coefficient
ks = Specular coefficient
a = angle between n and h

Further elaboration of BRDF models has been employed in several
studies. For example, Lerones et al. [11] leveraged the reflectivity index
introduced by Angstrom [46] to discern vegetation water content as part
of heritage building assessment. Krzeslowski et al. (2012) explored a
novel 3D and BRDF approach for integrated heritage digitization,
highlighting the pivotal role of BRDF models for generating realistic
virtual 3D representation of cultural heritage structures. Their proposed
method can facilitate multidirectional data integration and it can serve
as a tool to achieve accurate visualization of 3D models and enhance
texture fidelity. In a similar vein, Nielsen et al. [47] conducted an
investigation into the ramifications of system parameters uncertainties
when integrating a data-driven BRDF reconstruction approach into the
standard pipeline of a structured light scanning system. Their findings
indicate that uncertainties in vertex object geometry and light source
properties exert minimal influence on the reconstructed BRDFs.

Drawing upon insights from previous studies, it is evident that BRDF
model necessitates adjustments tailored to the specific objectives of the
analysis. In this context, BRDF is utilized to assess reflectance index
using a TLS dataset, where both the source angle of incidence and
normal remain consistent. Furthermore, the inherent characteristics of
the Blinn-Phong BRDF model render it highly pertinent to the context of



M.F. Alkadri et al.

condensation detection utilizing TLS dataset examined in this study.

3. Method

The aim of this study is to develop a computational method for
identifying and calculating condensation risks within the heritage
building surface by employing TLS dataset in conjunction with envi-
ronmental monitoring devices. The overarching method comprises five
sequential steps, as illustrated in Fig. 4.

As depicted in Fig. 3, the proposed method entails a series of dataset
collections using several instruments such as thermal imaging camera,
SLR camera, TLS, and data logger. Each of which caters for different
tasks. For example, the thermal imaging camera (i.e., Flir One Pro) is
utilized to capture thermal images and acquire temperature data for
each pixel on the building surface under observation. The TLS (i.e., Leica
RTC360) facilitates the generation of 3D models of existing buildings
through point cloud data. Concurrently, a data logger (Hobo MX1101) is
deployed to record room temperature and humidity levels for subse-
quent analysis. SLR cameras are also used to capture the physical con-
dition of the room. In addition, the study also employs several digital
processing tools for data manipulation and analysis. For example, Ms.
Excel is used to sort the raw data from actual measurements. R studio is
employed for dataset processing of point cloud attributes, surface tem-
perature dataset and statistical analysis. Cloud Compare (CC) aids in
refining geometric point cloud data and visualizing 3D models derived
from point clouds. Lastly, Rhinoceros and Grasshopper are used not only
for segmenting thermal images but also for extracting the geometric
surface of temperature datasets. Finally, the equipment is checked for
accuracy through calibration. First, the Hobo Data Logger was cali-
brated, and the results show that the measurement uncertainty was
calculated at a 95 % confidence level with a coverage factor of 2. The
calibration method used was MK-03/09, JIS Z8710 1993, and ASTM
E2551-07. Second, the TLS Leica RTC360 has been audited and certified
according to ISO 9001. The Calibration Certificate Blue, without mea-
surement values, issued by the Authorized Service Center corresponds to
a declaration of conformity according to ISO/IEC 17050-1.
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Furthermore, detailed information regarding the activities, tools,
formats, and tasks corresponding to each stage of the proposed method
are comprehensively illustrated in Fig. 4. In general, the method com-
prises three main stages: dataset collection, performance simulation,
and evaluation. Each of these stages contains sequential steps that cater
for different objectives and activities as follows:

3.1. Step 1 - literature review

According to ISO 22185-1:2021, structural harm resulting from
water vapor infiltration into buildings is termed moisture damage [48].
This standard delineates a classification framework for assessing the
severity of moisture damage, spanning from negligible to severe.
Severity categorization hinges on several factors including the extent of
the affected area, the degree of structural degradation, and the conse-
quential impairment to the functionality of affected materials or com-
ponents. Haverinen et al. [49] conducted a study that devised a
three-tiered grading system predicated on the severity of distinct types
of damage. This system encompasses grades I to I1I. Grade I is designated
for residences exhibiting either no moisture damage or only minor in-
stances thereof, while grade II denotes structures manifesting discern-
ible moisture patterns. Grade III is attributed to homes afflicted with
substantial issues stemming from moisture damage.

Furthermore, this study classifies potential condensation-related
moisture damage into four distinct levels: potential, low, medium, and
high. This categorization is derived from multiple criteria outlined in
Table 1, which include the physical condition of the room, duration of
exposure, ambient air temperature, relative humidity, and the specific
condition of the room. In the case of room condition, condensation is
heightened in rooms lacking adequate ventilation coupled with the
presence of water vapor sources. Such sources may include, but are not
limited to, malfunctioning air conditioning systems or improperly
installed piping within walls.

According to Table 1, the initial level of damage, termed “potential”
occurs when building materials or surfaces maintain a normal appear-
ance with the room’s relative humidity ranging from 40 to 75 %. A low

o

I |

2=

Q ]

=

3

O

-

o

S Temperature & Relative 3D Scanner:

2 IR Thermal Image

3 Humidity Data Logger e Terrestrial Laser Scanner
] ! . I I
] Temperature & Relative Exract Surface Temperature BRDF Corrected
Humidity Graph | 7 ]
| E Studio

o0

o=] .

2. Ms. Excel R Studio

0!

o ! |

S

=

A |

‘0;1 Segmented Thermal Image Point Cloud Visualisation

&

&

A:

Y~

Rhinoceros + Grasshopper

CloudCompare

. Computational workflow — tools.



M.F. Alkadri et al. Results in Engineering 24 (2024) 103292

Literature Review
: I | i
Classification of Parameters of

potential condensation potential condensation )

| | :

[ J :

Preliminary Detection
of Potential Condensation

Dataset Collection

SLR Camera

FLIR One Pro
] HOBO MX 1101
[ Selected building areas J
Thermal Image Capturing } ( 3D Scanning
] [ Raw Thermal Image Dataset ] [ Raw Point Cloud Dataset

: Thermal Image
Dataset Processing

R Studio
Rhino + Grasshopper

v J

( Surface Temperature Dataset] ( Segmented Thermal Image ]

PCD Processing

R Studio
Cloud Compare

[ BRDF Corrected PCD J

o

Dataset Processing

Condensation Risk Area Calculation

Cloud Compare

—

[PCD with condensation risk area measured]

Grid Matching & Correction

Cloud Compare

( Input J [ Task ] ( Output ] Tools

Fig. 4. Computational Workflow — Procedure.




M.F. Alkadri et al.

Table 1
Four level of destruction caused by condensation.
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Level of Destruction due Duration

to Condensation

Digital Image /
Physical condition

Relative Room condition

Humidity

Air Temperature

Potential Detect nothing

Dust accumulation 90 min (Li et al., 2023)

Colour change

Low destruction
Medium destruction

Mould growth 24-48 h since moisture

40 % —75 % No ventilation, there are

(ASTM) water vapour sources.
00C-500C 75 %—80 %
200C-400C >95 %

exceeded, 21 days until appear (Pasanen,

1993)

High destruction Peeling paint after years

same as above, in
certain duration

level of destruction is identified if there is an accumulation of dust in
specific areas of the building, typically occurring 90 min post-
condensation, with ambient air temperatures between 0 and 50 °C and
relative humidity levels of 75-80 °C [4]. For a classification of medium
level of destruction, a discernible color change in building materials is
required, commonly resulting from mold growth that emerges 24-48 h
after moisture levels exceed normal thresholds, with room temperatures
of 20-40 °C and relative humidity reaching up to 95% [4]. If the con-
dition of the room remains the same for years, this may lead to the
peeling of paint on building components or materials, which is classified
as a high level of destruction.

Moreover, Bonora, Fabbri, and Pretelli [18] note that achieving an
ideal indoor microclimate, especially in historic buildings, often re-
quires the use of HVAC systems. These systems help maintain relative
humidity between 20 % and 40 % during both dry and wet seasons,
which significantly influences material conditions and the potential for
condensation. Zhang et al. [50] shared similar findings, indicating that
HVAC systems, particularly those monitoring multiple parameters, are
effective in assessing material conditions and the likelihood of conden-
sation. Lerma et al. [51] confirmed that low temperatures and high
relative humidity are strongly associated with a high potential for
condensation, specifically at relative humidity levels of 65-67.9 % and
temperatures of 15.8-16.4 °C. Furthermore, Proietti et al. [32] observed
that areas with high humidity (>20 %) are more susceptible to deteri-
oration, discoloration, and efflorescence.

3.2. Step 2 — preliminary detection of potential condensation

Fig. 5 depicts a detailed task conducted during the preliminary
detection step, which involves the acquisition of pertinent environ-
mental datasets (i.e., surface temperature, air temperature, relative
humidity) conducted concurrently. In this process, digital and thermal
images are superimposed to pinpoint areas exhibiting the lowest surface
temperatures. Besides, a data logger is strategically placed within a
designated room to record air temperature and relative humidity at five-
minute intervals. This interval selection is predicated on balancing the
need to gather comprehensive data without generating excessive data-
sets and to adequately monitor fluctuations in temperature and
humidity.

In addition to environmental datasets, identification of technical is-
sues within each room is also undertaken. This aspect is particularly
critical in the context of heritage buildings, which frequently present
HVAC challenges, including malfunctioning air conditioners and water
leaks from damaged pipes. Both these factors are subsequently inte-
grated to determine the condensation risk classification for each room.

3.3. Step 3 — thermal image dataset processing

This step (see Fig. 6) is essential for acquiring surface temperature
data, which helps to identify areas susceptible to condensation.
Following the preliminary categorization of building areas based on the
destruction level, a subsequent series of images are captured using an
infrared (IR) thermal camera. But this time, a more refined approach is

Step 02: Prelliminary Detection of Potential Condensation
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Fig. 5. Step 2: Preliminary Detection of Potential Condensation.
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Step 03: Thermal Image Dataset Processing

Raw Thermal

Image Dataset

Flir One Pro

Data Extraction

R-
R Studio

JPEG

[Surface Temperature Dataset ]

Rhino +

Grasshopper

[ Segmented Thermal Image ]

Task

Input

] [ Output

Tools

Fig. 6. Step 3: Thermal Image Dataset Processing.

used to enable investigation of specific components of the building
structures such as corners and surfaces, where potential indications are
most likely to occur.

This step starts with capturing the thermal images using FLIR One
Pro camera with R.JPEG (radiometric JPEG) format. This format in-
cludes metadata that provides the surface temperature for each pixel
within the image. The radiometric data is subsequently extracted into a .
csv file format to be able to visualize in Rhino and Grasshopper tools.
During visualization, the captured image undergoes segmentation into
discrete pixel regions, each representing a surface temperature differ-
ential of 0.5 °C. This process refers to as image segmentation, which
enables a detailed analysis of temperature variations across the imaged
area.

3.4. Step 4 - point cloud dataset processing

In order to efficiently capture the entire geometry of the building,
this study employs Leica RTC360 with a medium level of precision, of-
fering an accuracy of 6 mm. As for selected areas, a high precision
setting with 3 mm accuracy was utilized to ensure a more detailed
dataset. In general, the raw scanning dataset contains spatial co-
ordinates (XYZ), color information (RGB), and raw intensity values (Ir).
Subsequently, raw point cloud data is registered in Leica Cyclone 360, a
software to export raw dataset to e57.

The preprocessing dataset contains two parts: geometric and radio-
metric preprocessing (see Fig. 7). The geometric preprocessing aims to
clean the dataset from outliers (unnecessary cloud of points) using
outlier removal. Given the fact that point clouds often exhibit varying
densities, with some regions being denser than others, a subsampling
task is performed not only to eliminate excessively dense points but also
to remove redundant point clouds. This process can ultimately yield a
dataset with a more consistent distribution, thereby decreasing
computational calculation demands at a later stage. Following geo-
metric preprocessing, radiometric preprocessing is conducted,
comprising several tasks such as computing normal, intensity correc-
tions, and intensity normalization. In this regard, computing normal

generates additional attributes known as surface normals (Nx, Ny, Nz),
which represent the normal vector of each point cloud. Similarly to
optics mechanism, the TLS laser beam reflects off surfaces, and the
further the beam travels, the weaker the reflected signal received by the
scanner. Thus, the distance between the TLS and surrounding objects
can influence the signal intensity [52], necessitating correction. For
intensity correction (Ic), this study utilizes Egs. (6) (53).

1
‘cos a

e=1 = Iy (6)

Where:

& = emissivity

I. = corrected intensity

L4y = original intensity

a = angle of incidence

The angle of incidence represents the angle formed between the di-
rection of the laser beam (dl) and the normal vector of the surface it
reflects off (dn). This angle, denoted as «, is calculated according to Eq.

(7) (53).

a = cos! (
where:

a = incident angle

dn = direction of the surface normal

dl = direction of the laser pulse

Following the intensity correction, normalization is required to
remap the resulting values within a range of 0 to 1. This is accomplished
using the equation provided below (53):

I, = v/asinh(;)

where:
I, = normalised intensity
h = Vector between radiance and irradiance
I. = corrected intensity

dn.dl

idn] - |d] )

®
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Step 04: Point Cloud Dataset Processing
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Fig. 7. Step 4: Point Cloud Dataset Processing.

Upon completing both geometric and radiometric preprocessing, the
subsequent step involves aligning the point of view (POV). The resulting
segmented thermal images from Step 2 are then imported into Cloud
Compare, and the viewport of the point cloud is aligned to achieve the
same POV. Any point clouds outside of the viewport are trimmed to
match the resolution of the segmented thermal images.

Furthermore, thermal properties (i.e., albedo (rd)) within the point
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cloud data can be further calculated based on the corrected intensity (Ic)
and RGB values. This calculation is conducted using Eq. (9) in RStudio
since the diffuse coefficient (kd) is equivalent to albedo (rd) (53).

/R?+G2 B2
kd=rd = I,V _>

225 ©

where: kd = Diffuse coefficient rd = Albedo value
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R = the red value

G = the green value

B = the blue value

I. = the corrected intensity value

The diffuse and specular coefficient each range from 0 to 1. When
these two coefficients are summed, their total equals 1. Thus, the
equation for the specular coefficient is defined as follows:

ks=1-rd 10)

where: ks = Specular coefficient rd = Albedo

Furthermore, the optical properties utilized in this study include the
direction of the laser pulse (dl) or (v) and the direction of the surface
normal (dn) or (r) to calculate the angle of incidence (a) using Eq. (7).
Once the diffuse coefficient (kd), specular coefficient (ks), and angle of
incidence (a) are determined, the Blinn-Phong BRDF value can be
calculated using Eq. (5). This process will result in point cloud that
corresponds to BRDF and emissivity value. Furthermore, this calculation
was done in R-Studio. For more details on the R-Studio script, please
refer to Appendix 2.

3.5. Step 5 — condensation risk mapping

In this section, the area of building components at risk for conden-
sation will be calculated (see Fig. 8). By analyzing the selected areas
segmented into different temperature ranges and comparing them with
room temperature data from the HOBO data logger, the volumetric size
of condensation areas can be further identified. To do so, the corrected
point cloud is processed using Cloud Compare. Since the thermal images
are already segmented into surface temperature data, the lowest tem-
perature range, which is closest to the dew point temperature under
current room conditions, is selected. This step will result in point cloud
data with condensation risk areas.

3.6. Step 6 — grid matching

The IRT thermal imaging camera produces surface temperature for
each pixel, resulting in a dataset of 307.200 temperature values for an
image with a resolution of 640 x 480 pixels. In contrast, the point cloud
data contains approximately 200.000 points, varying by room size.
Given the significant discrepancies between surface temperature and
BRDF values, an additional step is necessary to perform a correlation
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analysis between these two variables. This process can be seen in Fig. 9.

In order to facilitate the correlation analysis, the surface temperature
dataset is firstly reduced by averaging the values for every 2 x 2 pixel
cell, resulting in a down sampled dataset with a resolution of 320 x 240
pixels. Then, to match the size of the surface temperature dataset, a grid
of 320 x 240 is created on the point cloud dataset for the previously
measured condensation risk area. Having matched the size of datasets,
the correlation analysis can be performed.

Furthermore, the process of grid matching is performed to correlate
surface temperature with BRDF values. In doing so, the grid-matched
cells are then sampled for comparative analysis among selected rooms.
There are 40 cells extracted from the grid-matching results to ensure
comparability across four rooms. The dataset is ordered based on the
contrast difference between surface temperature and BRDF values,
which indicates the probability of a strong correlation between the two
variables. In this regard, Pearson correlation coefficient is used [11],
given that both variables are continuous and exhibit a linear
relationship.

4. Dataset collection

This study selected the Cut Meutia Mosque, also known as the NV De
Bauploeg building (see Fig. 10), as an exploratory case for implementing
the proposed method outlined in Fig. 4. The mosque is located at Taman
Cut Mutiah Street, Central Jakarta, Indonesia. It was originally built in
1912 and designed by Pieter Adriaan Jacobus Moojen. Over the years, its
function evolved, starting as a post office and railway office from 1942
to 1945, and as a housing consultancy and offices of religious affairs
from 1964 to 1970 [54].

Following Indonesia’s independence, the building was repurposed
by the local community as a mosque. Significant modifications were
made during this period, including the removal of the central stairs.
Designed and constructed in the Art Nouveau style, the building reflects
the architectural trends of its time. Currently, the Cut Meutia Mosque
has been recognized as a cultural heritage site due to its European
architectural style and historical significance dating back to the Dutch
colonial era [55].

In general, the building of Cut Meutia Mosque is situated on a
triangular site, encompassing an area of 1.792 m2s with a circumference
of 200 m [55]. The building features two entrances: the main entrance
for vehicle access from the South, and an additional entrance from the
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North. The total floor area consists of 300 m?s and a height of 22 m, the
structure boasts high ceilings, despite having only two floors. The ver-
tical distance between the first and second floors is 3.5 m, while the
distance from the second floor to the roof is around 11.5 m.

Furthermore, for the purpose of this study, specific areas will be
selected after conducting an environmental performance evaluation to
identify rooms with a high potential for condensation.

5. Result and discussion

The present work has articulated the research into three main results,
consisting of preliminary surveys, condensation risk area measurement
and lastly, correlation analysis between BRDF and surface temperature.
Each of which is comprehensively discussed below.

5.1. Preliminary survey of selected datasets

5.1.1. Physical observation

A detailed physical observation of the heritage building was con-
ducted to identify potential areas at risk of condensation. Fig. 11 shows
the condensation risk mapping of Cut Meutia Mosque, as a result of the
physical observation. It simultaneously summarises the classification of
potential condensation that may occur at the Cut Meutia Mosque. Fig. 12
depicts a preliminary mapping of condensation areas, showcasing the
existing conditions and thermal images of each room in the Cut Meutia
Mosque. Observation spots within each room are marked by grey and
orange dots. Grey dots indicate no physical damage, while orange dots
signify physical damage to building elements, such as damage
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components, blue or yellow stains, peeling paint, etc. Additionally, the
mapping includes technical issues potentially causing condensation and
dampness in building elements. According to the physical observation,
there are at least 13 identified technical issues: 7 for standing air con-
ditioners (red dots), 2 for indoor split unit air conditioners (blue dots),
and 12 for broken pipes (green dots) across both floors.

On the first floor (see Fig. 12A), all rooms were observed. Rooms Al,
A4, A8, and A11 exhibit a lower potential for condensation as they show
no signs of damage. This is likely because these rooms are either not
adjacent to technical issues or have proper ventilation. In contrast,
rooms A2, A3, and A6 exhibit damage to their building elements. Ob-
servations suggest that rooms with technical issues are more likely to
experience physical damage.

Room A2 shows yellow stains on the ceiling with lower surface
temperatures compared to other areas (spot A2.b). Additionally, some
areas on the wood-covered wall in A2 have spots with lower tempera-
tures (spot A2.c), making A2 more prone to further damage. Room A3
displays a medium level of destruction, marked by peeling paint on the
walls (spot A3.a). This area is also near a standing air conditioner, which
could contribute to condensation and damage. Finally, room A6 has
peeling paint and yellow stains on certain wall areas (spot A6.a), likely
due to two nearby technical issue spots, including a broken pipe outside
the building (see elevation part in Fig. 12A).

On the second floor (see Fig. 12-B), not all rooms have been observed
due to similar functions (i.e., prayer areas — B4, B5, B7, B8, B9). In this
regard, B1 and B2 are frequently used by the Muslim Youth Community
for the event. This makes these rooms often open and shows a propensity
for condensation. For example, room Bl shows a peeling paint on the
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Fig. 10. (a) Cut Meutia Mosque (b) Cut Meutia Mosque Plan [55].

wall, particularly below the indoor unit split AC. This damage likely
results from prolonged lack of ventilation and the presence of a water
vapor source, specifically the broken indoor unit split AC. Although
room B2 also exhibits damage, notably in the ceiling (spot B2.a) due to
lack of ventilation, this damage does not come from a water vapor
source such as the AC unit.

5.1.2. Environmental performance measurements

By reflecting the presence of water vapor in the room, this study
considers relative humidity, dew point temperature, and surface tem-
perature for the environmental performance measurement (see Fig. 13).
The horizontal axis represents the time intervals recorded by the data
logger, starting from 10:26AM to 1:16PM. The initial investigation re-
sults in five rooms (i.e., A2, A3A6, B1, and B2) that are identified as
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having a potential risk for condensation. These rooms are selected on the
basis of relative humidity (RH) threshold value of 40% to detect po-
tential condensation, as previously indicated in Table 1. Furthermore, in
order to conduct a comparative analysis with different characteristics,
we focus on four different rooms only which are: A2: 51.93 %, A6: 56.12
%, B1: 63.43 %, B2: 57.49 % (see Fig. 13).

From Table 2, it is evident that room A2 has the highest air tem-
perature (33.13 °C). Nevertheless, it shows not only the lowest relative
humidity among the rooms observed (51.93 %) and but also the lowest
dew-point temperature, namely 20.95 °C. The location of room A2,
which is not ventilated and is fully equipped with air conditioning unit,
makes it fall into the low-level destruction category. Similar to A2, room
A6 is also categorized as the low-level destruction category. According
to physical measurements, it was found that old water pipes were
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Fig. 11. Mapping of Condensation Risk based on Physical Observation in Cut Meutia Mosque.

attached to the walls and this condition in principle elevates the risk of
condensation and structural damage of the room. On the other hand,
room B2 and B1 are categorized having high levels of destruction. This is
not only due to environmental measurement results but also physical
assessment of these rooms that indicate peeling paint, discoloration of
the wall, and lack both passive and active ventilation.

Drawing on the above consideration, this study ultimately finds that
the selected rooms (i.e., A2, A6, B1, B2) indicate a high potential for
condensation based on the results of physical observations that are
consistent with environmental parameter measurements.

5.2. Condensation risk area measurement

This section discusses the results of step-by-step condensation risk
area measurement. According to the research workflow, for obtaining
condensation risk areas, two steps need to be conducted: thermal im-
agery mapping and correcting BRDF values. Fig. 14 shows the results of
both thermal image segmentation and the corrected BRDF dataset,
including the condensation risk area measurement. The following sub-
section explains these results consequently.

5.2.1. Thermal imagery mapping

This section discusses the segmentation of surface temperature in
each selected room. This aims to identify specific areas where conden-
sation is likely to occur. Segmentation was conducted with a range of
0.5° to narrow down the investigation process. In this regard, the closer
the surface temperature is to the dew point temperature the greater the
potential for condensation.

Fig. 14 shows that the surface temperature of most areas is close to
the dew point temperature. Color grading helps to pinpoint potential
condensation zones more specifically. Additional thermal images
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depicting different temperature ranges can be found in Appendix 1. In
room A2, the dominant surface temperature ranges from 29.5 °C to 30
°C, covering 56.97% of the surface. The dew point in this room is 20.95
°C, resulting in a difference of 9 °C between the surface temperature
range and the dew point temperature. Although this difference is quite
large, the surface temperature range is the closest value to the dew point
temperature.

In room A6, the dominant surface temperature is between 29.5 °C
and 30 °C, covering up to 17.23 % of the surface. The dew point in this
room is 22.28 °C, resulting in 8 °C difference. This large difference can
be attributed to the presence of windows and ventilation, allowing air
circulation between rooms.

Room B1 has a dominant surface temperature range of 28 °C to 28.5
°C, covering up to 19.98% of the surface. The dew point temperature in
this room is 25.14 °C, with a difference of 3.46 °C. Lastly, B2 has a
surface temperature which closest to dew point temperature value
namely 29.5 °C and 30 °C, in this room covered up to 3.46 %. In this
regard, B1 is the only room with a surface temperature range closest to
the dew point temperature. Additionally, the presence of a damaged AC
unit causing a peeling paint to suggest significant condensation poten-
tial, as this room shows the most signs of damage.

5.2.2. Corrected BRDF dataset

After selecting rooms for condensation risk based on predefined
criteria (i.e., relative humidity, surface temperature), the preprocessing
of point cloud for geometric and radiometric information is performed
to obtain corrected datasets relative to laser reflectance and incident
angle. Fig. 13 illustrates BRDF values derived from thermal image seg-
mentation. This process helps visualize the color range of BRDF values in
the thermal image segmentation area, indicating the risk of condensa-
tion in particular regions.
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Fig. 12. (continued).

In the BRDF color map, blue represents the smallest BRDF values,
while red represents the largest one. Principally, smaller BRDF values
correspond to fewer specular reflections, which indicates rougher sur-
faces. When the BRDF value approaches 0, specular reflections disap-
pear, suggesting the presence of substance on the surface. Therefore,
areas depicted in blue indicate potential condensation-prone substances.
In the selected rooms, several areas displayed blue point clouds, indi-
cating potential condensation risk. In this regard, room A2 showed small
BRDF areas on the upper walls and near furniture. Room A6 had small
blue BRDF areas in the window frame. Room B1 exhibited small blue
BRDF areas in the upper corner of the walls and near the window frame.
These results are influenced by environmental measurements, material
properties, and luminance availability.

The condensation risk area measurements are obtained by
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superimposing segmented thermal images and BRDF values in the same
viewpoint. The low BRDF range that shows in light blue in segmented A2
covers up the segmentation area by 0.0373 m? (Fig. 14). A6’s 29.5 to 30
°C segmentation covers up to 0.00581 m?. B1’s have the lowest surface
temperature among the rooms, 28 to 28.5 °C covers up to 0.9191 m?.
Lastly, on B2, 29.5 to 30 °C segmentation covers up to 1.257562 m2. Of
the three rooms, the areas with the greatest risk of condensation are B1
and B2, because neither B1 nor B2 have good ventilation. Apart from
that, B1 and B2 have sources of water vapor such as leaks from air
conditioners and water pipes. A2 and A6 have relatively a small
condensation risk area due to room ventilation.

Furthermore, Fig. 15 presents a bar diagram of BRDF values for each
room, illustrating the distribution of point cloud data segmented by
surface temperature. Each room has a different total number of point
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Table 2
Environmental measurement results.
Room  Air Relative Dew Condensation Standard
temperature Humidity point level
(0C) % (0C)
(Td)
A2 33.13 51.93 20.95 Low level Condensation
destruction happens if:
A6 32.09 56.12 22.28 Low level RH > 40 %,
destruction Ts < Td,
Bl 32.99 63.43 25.14 High level Ts > 250C
destruction (Trecshel [4])
B2 32.65 57.49 23.15 High level
destruction

clouds due to varying segmented surface temperature areas. The mini-
mum value represents the smallest BRDF value, indicating the presence
of substances that can cause condensation. Conversely, the maximum
value represents the largest BRDF value, suggesting little to no presence
of such substances. The mean value refers to the average BRDF, serving
as a benchmark to determine the overall trend of BRDF values. The
median value provides insights into the skewness of the BRDF dataset.
For example, room A2 contains 25.000 point clouds, with a minimum
BRDF value of 0.1213, a maximum of 3.2999, a mean of 0.65295, and a
median of 0.6978. In general, the BRDF values in A2 tend to approach
the minimum borderline, indicating a substantial presence of
condensation-causing substances.

On the other hand, room A6 contains around 10.000 point clouds,
with a minimum BRDF value of 0.4024, a maximum of 1.4577, a mean
of 0.9978, and a median of 0.9894. In contrast, to A2, A6 has fewer
BRDF values near the minimum borderline. The mean and median BRDF
values in A6 suggest that the majority of point clouds have higher BRDF
values, indicating a lesser presence of condensation-causing substances.

As for room B1, it contains 20.000 point clouds, with a minimum
BRDF value of 0.8042, a maximum of 1.5357, a mean of 0.9181, and a
median of 0.9053. The small difference between the mean and minimum
values (0.1139) indicates that most data points have low BRDF values,
suggesting a significant potential for condensation. Similar to B1, room
B2 also shows a small difference between the mean and minimum values
(0.0926), suggesting a potential for condensation. Nevertheless, bar
chart shows that B2 has more point clouds that correspond to higher
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BRDF values that the mean, implying a lower condensation risk
compared to B1.

In general, these results validate the potential condensation areas, as
the result of superimposing the thermal images with the corrected BRDF
values is similar to the BRDF color range.

5.3. Correlation analysis between BRDF values and surface temperature

This section further evaluates the correlation between two variables,
BRDF values and surface temperature using Pearson’s correlation
coefficient.

Before conducting further analysis, the data population sample was
determined, with a minimum of 30 paired data values. This is according
to the central limit theorem, where 30 values are sufficient for the
normal distribution of the paired data of surface temperature and
condensation risk area yields from the grid matching process. In this
regard, larger areas yield more cells of paired data. For example, room
A6 has a condensation risk area of 0.00581 m?, forming only two cells,
which does not meet the minimum requirement of 30 paired values for
Pearson’s correlation analysis. Therefore, the graph of A6 was removed
due to the lack of available data to analyze, whereas the graph of B2 was
divided into two parts since the data for each side (left and right)
exceeded 30 values.

Fig. 16 further shows that only room A2 that indicates a strong and
positive relationship of correlation analysis with an R? value of 0.708
(see Fig. 15a). This finding also supports the grid matching, which
suggests that room A2 uniquely exhibits a contrasting value pattern and
a strong correlation. The lack of consistent patterns in other rooms may
be attributed to the fact that only A2 lacks ventilation or apertures for
natural light penetration, making it more prone to higher humidity
levels.

6. Implications and discussions
6.1. Implications

The study’s findings make a significant contribution to the preser-
vation of heritage buildings by offering a reliable method for early
detection of condensation risks. This approach supports architects and
conservators in making informed decisions to protect and maintain these
structures. Moreover, the study highlights gaps in current Indonesian
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A2 A6

17.23%
of surface temperature has

29.5-30°C

56.97%

of surface temperature has

29.5-30°C

0.0373m?

0.00581m?

Fig. 14. Thermal Image Segmentation results, BRDF and Potential Condensation Risk Area.

regulations regarding moisture presence and condensation risk detec-
tion in heritage buildings. It suggests that incorporating physical, bio-
logical, and chemical parameters comprehensively could improve
preservation standards and guidelines. Currently, Indonesian Law
Number 11 of 2010, Chapter VII, states that preservation should be
accountable academically, technically, and administratively. We
recommend adding a provision to the law that emphasizes the impor-
tance of environmental measurements in preservation techniques, to
raise awareness of the role of physical, biological, and chemical pa-
rameters in preserving heritage buildings. The findings of this research,
which include preliminary surveys, condensation risk measurements,
and the correlation analysis between BRDF values and surface temper-
ature, align with the principles of various green building certification
systems, such as GBI, BREEAM, LEED, DGNB, and Greenship. These
systems emphasize the importance of indoor environmental quality,
energy efficiency, and proper ventilation to prevent issues like
condensation, which can affect building longevity and occupant com-
fort. For instance, the study’s identification of rooms with poor venti-
lation and the impact of HVAC systems aligns with BREEAM and LEED’s
focus on managing indoor air quality and thermal comfort. The mea-
surement of relative humidity and surface temperature reflects GBI's
focus on maintaining optimal conditions for building materials to pre-
vent degradation. Additionally, DGNB’s holistic approach to building

Thermal Image Segmentation

BRDF & Potential Condensation Risk Area
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B1

B2

19.98%
of surface temperature has

28-28.5°C

3.64%

of surface temperature has

29.5-30°C

0.9191m? 1.257562m?

quality aligns with the study’s analysis of technical issues, such as
broken pipes and faulty air conditioners, which contribute to conden-
sation. Insights into the detrimental effects of high humidity levels in
rooms further support the goals of Greenship, which prioritizes sus-
tainable building practices in tropical climates like Indonesia’s. Overall,
the study underscores the importance of aligning building conservation
efforts with the sustainability criteria set by green building certification
systems to ensure a balanced and resilient indoor environment.

6.2. Discussion

In general, the results of this study demonstrate that the proposed
method enhances the detection of condensation risks in heritage build-
ings by utilizing BRDF values and surface temperature. Specifically, the
integration of 3D laser scanning and thermal imaging techniques aids
architects and conservators in preventing leaks or damage in heritage
buildings and complements empirical approaches for detecting
condensation risks, such as those by Lerones et al. [11] and Ham &
Golpavar-Fard (2014). Additionally, Halim et al. [56] comprehensively
investigated dampness in historic buildings using visual inspections and
both non-destructive and destructive methods, such as a protimeter and
drying techniques. Although thorough, their analysis involved tools that
made contact with building materials, potentially causing damage.
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Therefore, methods that avoid direct contact while detecting conden- Measurement [32]. Parameters such as surface temperature, water
sation should be further developed. Other tools, such as those that emit infiltration levels, efflorescence, sonic velocity, and acoustic absorption
infrared and radar signals, have been explored for detecting moisture in percentage are effective in detecting condensation and moisture in
materials, including Infrared Thermography (IT), Unilateral NMR, building materials. Despite the appeal of this multidisciplinary
Contactless Acoustic Imaging (AI), Acoustic Tomography (AT), and LIF approach, these methods require careful calibration and accuracy
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adjustments for diverse contexts. Similar tools, like the Terrestrial Laser
Scanner, microwave, and radar, have been used to monitor moisture
levels in stone masonry, particularly in a sandstone tower and granite
wall [31]. Non-destructive techniques such as radar and microwave
sensors have proven effective in detecting moisture variation and
assessing water penetration through masonry joints, offering a reliable
alternative for moisture monitoring without physical intrusion [31].
These methods are particularly sensitive to changes in surface and
near-surface moisture, making them suitable for tracking the progres-
sion of moisture levels over time.

Although standards and regulations regarding moisture presence and
condensation risk are outlined in the Indonesian Law on Heritage
Buildings (No. 11 of 2010) [57] and the Technical Module for Preser-
vation from the Ministry of Education, Culture, Research, and Tech-
nology [58], neither the law nor the module comprehensively specifies
physical, biological, or chemical parameters for detecting condensation
risks. This study, therefore, provides significant contributions to
detecting condensation risks, especially within the context of heritage
buildings in Indonesia. Our proposed method enables architects and
conservators to identify and assess the microclimatic influence on
existing building surfaces early, before physical damage occurs.

7. Conclusion

This study has developed a computational workflow for detecting
potential condensation risks in heritage building surfaces based on
technological integration between 3d scanning and thermal imaging
techniques. More specifically, this study investigates geometric and
radiometric properties of point cloud data in order to calculate BRDF,
emissivity values, and albedo.

Key findings of this study can be summarized as follows:

o This study identifies that the selected rooms (A2, A6, B1, B2) have a
significant potential for condensation, as indicated by physical ob-
servations that match the environmental parameter measurements.
The analysis shows that Room B2 has the highest area at risk for
condensation, measuring 1.257562 m?, while the risk areas for the
other rooms are 0.0373 m? (Room A2), 0.00581 m? (Room A6), and
0.9191 m? (Room B1). Additionally, the Pearson correlation analysis
revealed that only Room A2 exhibited a strong correlation between
surface temperature and BRDF when identifying condensation. This
could be attributed to the lack of ventilation or openings for natural
light in Room A2, making it more susceptible to increased humidity
levels.

Condensation risk factors and room-specific observations to deter-
mine early condensation risk. This study identified several factors
contributing to condensation risk, such as technical issues, ventila-
tion and environmental conditions. From those condensation risk
factors, it possible to develop the level of condensation risk such as
high, medium, low and less potential. For example, Rooms B1 and B2
were identified as having the highest risk for condensation due to
technical issues and lack of ventilation. Moreover, Rooms A2 and A6
showed moderate risk, with some condensation-prone areas identi-
fied through BRDF values and thermal imagery. Meanwhile, rooms
with proper ventilation and fewer technical issues exhibited lower
risk for condensation.

Conceptual integration between BRDF and surface temperature. This
study confirms a strong correlation for both aspects when it comes to
the condensation detection. In this regard, BRDF calculates specular
reflection, indicating that surfaces with low BRDF values exhibit
specular reflection materials. This specular reflection can then be
assumed to signify the presence of water vapor in the initial phase of
condensation. On the other hand, surface temperature which posi-
tively correlated with condensation area has been validated as a
parameter for detecting condensation on a surface. Our findings
demonstrate further that although BRDF and surface temperature
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share similarities for identifying the surface characteristics of
condensation risks, their correlation still depends on specific condi-
tions of the room.

Notwithstanding the constraints of our investigation, a few points
need further consideration. For example, the collected surface temper-
ature of the wall from the data logger currently detects temperature only
in imagery format and this makes it difficult to produce precise syn-
chronization for geometric point clouds. In addition, photogrammetry
techniques may provide great potential to our methods by using ortho-
thermal images and using reference points such as ice cubes. Further-
more, to enhance the robustness of the analysis, environmental mea-
surements should be collected at various times throughout the day and
across different seasons. This approach enables a comprehensive
assessment of how condensation risks vary in response to changing cli-
matic condition.
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