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Highlights:

e This paper illustrates the potential of scan-to-HBIM notion for heritage sites by employing an innovative data-driven
approach to conservation actions.

e This research offers an HBIM workflow for the sophisticated representation of heterogenic archaeological datasets.

e This study creates a digital twin of the archaeological building remains and offers a method tailored for future
monitoring and conservation.

Abstract:

Digital surveying tools provide a highly accurate geometric representation of cultural heritage sites in the form of point
cloud data. With the recent advances in interoperability between point cloud data and Building Information Modelling
(BIM), digital heritage researchers have introduced the Heritage/Historic Information Modelling (HBIM) notion to the field.
As heritage data require safeguarding strategies to ensure their sustainability, the process is closely tied to conservation
actions in the architectural conservation field. Focusing on the intersection of the ongoing trends in HBIM research and
the global needs for heritage conservation actions, this paper tackles methodological pipelines for the data-driven
management of archaeological heritage places. It illustrates how HBIM discourse could be beneficial for easing value-
based decision-making in the conservation process. It introduces digital data-driven conservation actions by
implementing a novel methodology for ancient building remains in Erythrae archaeological site (Turkey). The research
ranges from a) surveying the in-situ remains and surrounding stones of the Heroon remains with digital photogrammetry
and terrestrial laser scanning to b) designing a database system for building archaeology. The workflow offers high
geometric fidelity and management of non-geometric heritage data by testing out the suitability and feasibility for the
study of material culture and the physical assessment of archaeological building remains. This methodology is a fully
data-enriched NURBS-based (non-uniform rational basis spline) three-dimensional (3D) model—which is integrated and
operational in the BIM environment— for the holistic conservation process. Using a state-of-the-art digital heritage
approach can be applied from raw data (initial stages) to decision-making about an archaeological heritage site (final
stages). In conclusion, the paper offers a method for data-driven conservation actions, and given its methodological
framework, it lends itself particularly well to HBIM-related solutions for building archaeology.

Keywords: building archaeology; digital archaeology 3D heritage database; conservation decisions; Historic Building
Information Modelling (HBIM); NURBS (non-uniform rational basis splines); scan-to-HBIM

Resumen:

Las herramientas topograficas digitales proporcionan una representacion geométrica muy exacta de sitios patrimoniales
en forma de datos (nubes de puntos). Con los avances recientes de interoperabilidad entre nubes de puntos y modelado
de informacion de la construccion (BIM), los investigadores en patrimonio digital han introducido la nocién de modelado
de informacién de la construccion patrimonial/histérica (HBIM) en este campo. Como los datos patrimoniales requieren
estrategias de salvaguardia que garanticen su sostenibilibidad, el proceso esta intimamente ligado a acciones de
conservacion en el campo de la conservacidon arquitectonica. Teniendo en cuenta las Ultimas tendencias en
investigacion HBIM y las necesidades globales de las acciones de conservacion patrimonial, este articulo afronta el flujo
metodolégico de la gestion basada en datos de sitios patrimoniales arqueoldgicos. Se introducen acciones de
conservacion basadas en datos que implementan una metodologia novedosa en los restos edificados del sitio
arqueoldgico de Erythrae (Turquia). La investigacion aborda tanto la fase desde a) el topografiado in situ de los restos y
las piedras circundantes de los restos de Heroon con fotogrametria digital y escaneado laser terrestre, hasta b) la fase
del disefio del sistema de bases de datos en arqueologia de la arquitectura. El flujo de trabajo ofrece alta fidelidad
geométrica y de gestion de datos patrimoniales no geométricos; también prueba la idoneidad y viabilidad de cara al
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estudio de la cultura material y a la evaluacion fisica de los restos de edificios arqueoldgicos. El modelo tridimensional
(3D) enriquecido con datos basados en NURBS (‘non-uniform rational B-splines’), se demuestra que es operativo en el
proceso de conservacion integral; este trata desde los datos sin procesar hasta la toma de decisiones sobre un sitio
arqueoldgico-patrimonial, utilizando un procedimiento digital puntero. En conclusién, el articulo presenta un método
orientado a acciones de conservacion basadas en datos y, dado su marco metodoldgico, se presta particularmente bien
a soluciones relacionadas con HBIM en arqueologia de la arquitectura.

Palabras clave: arqueologia de la arquitectura; bases de datos patrimoniales 3D; decisiones de conservacion;
modelado de informacién de la construccion histérica (HBIM); NURBS (B-splines racionales no uniformes); escaneado-

a-HBIM

1. Introduction

Heritage data, which enables recording, analysis,
decision-making, and management, is the key to the
conservation of heritage sites. The sustainability of
heritage data, whether it is implicit, tacit or explicit, is
critical for the holistic conservation process and for
taking important conservation decisions (Fredheim &
Khalaf, 2016).

The capacity of three-dimensional (3D) capturing tools
and techniques such as laser scanning and structure
from motion (i.e., photogrammetry) to allow the capture
of highly accurate geometrical representations of
heritage places has been proven. Because these tools
are bundled within the computer-aided design (CAD)
software in the construction disciplines, heritage data
and digitalization have been relatively interoperable with
data generated from digital surveying. The data referred
to here consists namely of point clouds, rectified images,
digital surface models (DSM) and orthophotos.

Conventionally, the data, and particularly orthophotos,
have been used as a reference for two-dimensional
(2D) drafting in the CAD environment. Following the
development of interoperability tools to migrate data
from point cloud formats to CAD software, digital
outputs have significantly improved; these tools have
improved the 3D digital modelling of heritage sites, for
example. Subsequently, the ability of Building
Information Modelling (BIM) software such as Autodesk
Revit and Graphisoft ArchiCAD to operate point clouds
for vectorial referencing prompted a novel development
called “as-built BIM” (Tang, Huber, Akinci, Lipman, &
Lytle, 2010). Utilizing BIM for heritage sites has
become a novel area of interest in the cultural heritage
discipline, and this practice is now referred to as
Historic/Heritage  Building Information  Modelling
(HBIM). The term HBIM was first coined by Murphy,
Mcgovern & Pavia (2009) in a study of an 18"-century
building facade. Since then, the method has been
widely expanded in the discipline with novel
applications at different scales: archaeological object
findings, monuments, and historic urban patterns, etc.

Despite the ground-breaking advances over the last
decade, the integral management of conservation-driven
heritage data has not yet been achieved. This is
because heritage data require a 3D management
environment to store geometries and the capacity to
integrate conservation-specific data and sustainable
archiving. The difficulty is more challenging when the
object is non-uniform, which is typical of archaeological
heritage sites.

This study investigates the heritage information
management process, from data capture to decision-
making, by designing a data-driven workflow for planning
conservation actions. It offers a methodological solution
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to integrate data-driven capacity for heritage places,
particularly archaeological sites, by providing a fully
functioning modelling framework. It provides state-of-the-
art high geometric accuracy of the physical properties of
the heritage site and uses a data-driven strategy to
incorporate conservation-action-specific schemes. It
entails a solution which crisscrosses various levels of
conservation actions in the complexity of the recording
and interpretation processes, from its materials to its
construction, and takes in material, building elements
and volumetric scales. It, therefore, explores the
integration of geometrical and non-geometrical
properties into data-driven conservation actions.

2. Mapping the field: HBIM approach

BIM is a digital information management system which is
generally implemented for construction projects. BIM has
extensive functions for the construction of buildings
(Azhar, 2011). The function of a typical BIM extends
from producing 2D drawings to the operational
management of the project’s finances. Recent literature
has indicated two essential parameters that define a BIM
as an HBIM; the specific modelling procedures for in-situ
heritage sites and the integration of heritage-related
analytic information, such as material culture and
deterioration patterns (Jouan & Hallot, 2019; Banfi et al.,
2022). To generate a discipline-specific overview of the
advances in the cultural heritage field, we revisited
recent HBIM studies, comprising 45 papers published in
scientific outlets from 2009 to 2021. We examined the
various capacities and characteristics of the methods
used, such as the cases' architectural typologies and
historical classification, modelling workflows, and output
formats, and their relation to conservation actions.

The architectural typologies of the cases were
extensively varied, from studies conducted solely at an
elemental scale (for example, an arch) to studies
conducted at the structural scale, such as those dealing
with the complex architectures of palaces or cathedrals
complexes. Only six of these studies (13%)
experimented with archaeological heritage sites, four of
which were from before the common era (Achille,
Lombardini, & Tommasi, 2015; Bagnolo, Argiolas, &
Cuccu, 2019; Bosco, D’Andrea, Nuzzolo, & Zanfagna,
2019; Garagnani, Gaucci, & Gruska, 2016); studies of
non-uniform heritage geometries are quite scarce.

Surveying methods for heritage resources have also
been documented. These include terrestrial laser
scanning (TLS), photogrammetry, and technologies such
as unmanned aerial vehicles (UAV) and wearable mobile
laser systems (Sun & Zhang, 2018).

Furthermore, we observed three different 3D creation
approaches: hypothetic, semi-hypothetic and authentic,
according to the accuracy level of the geometrical
representation of the surveyed surface. Geometric
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modelling follows a reverse engineering methodology by
moving from physical to virtual multi-dimensional
representations. In this study, the term ‘hypothetic model’
corresponds to the minimal geometric accuracy of the
modelled assets without any survey (Lee, Kim, Ahn, &
Woo, 2019) or without integrated surveys (Sztwiertnia,
Ochatek, Tama, & Lewinska, 2019). The two latter
geometric modelling approaches implement the 3D
surveys with higher geometric fidelity; this is a proven
method in the cultural heritage field, particularly in the
case of scan-to-BIM studies ( Rabbani, van den Heuvel, &
Vosselman, 2006; Volk, Stengel, & Schultmann, 2014;
Bassier, Hadjidemetriou, Vergauwen, Van Roy, &
Verstrynge, 2016; Angulo, Pinto, Rodriguez, & Palomino,
2017; Capone & Lanzara, 2019).

Studies have shown that modelling approaches such as
non-uniform rational basis spline (NURBS), mesh, and
CAD are chosen on the basis of the relevant computing
and design functions. Eleven of the studies (25%) directly
dealt with at least one conservation action and employed
point cloud-based surface modelling (with NURBS-based
software). Among them, the oldest case was a 7" century
vault (Banfi, 2020), the study of which dealt with heritage
knowledge at the building element scale. Various papers
have pointed out that when using polysurfaces as solid
geometries, as with volumes made with NURBS surfaces,
the accurate geometric representation of the object is
quite achievable; this has been studied in the geometric
modelling field, for example in finite element analysis for
structural analysis (Banfi, 2019; Banfi et al.,, 2022;
Barazzetti, 2016; Brumana et al., 2017, 2018).

Additionally, Jouan & Hallot (2019) have highlighted the
notable lack of decision-making processes in HBIM
studies by illustrating how HBIM discourse could be
beneficial for easing value-based decision-making in the
conservation process. However, their study suggests the
generation of theoretical preservation management
protocols for preventive conservation by creating digital
twins within the BIM environment.

Significant efforts have been made to import BIM terms
and their practical significances into HBIM. For instance,
the term LOD (level of development) is discussed by
several researchers (Banfi, Fai, & Brumana, 2017;
Brumana et al., 2018; Castellano-Roman & Pinto-Puerto,
2019). Although the LOD in BIM illustrates the information
modelling stages which concern a building's lifespan from
its design to maintenance, Castellano-Roman & Pinto-
Puerto (2019) have argued that chronological LOD
implementation cannot be conducted for HBIM since
heritage artefacts are “past” time-related assets, and have
introduced the term Level of Knowledge (LOK). This term
covers the stages of identification, protection and
dissemination, advanced research, conservation and
intervention, and comprehensive management. Similarly,
Banfi and others (2016) have proposed a new term,
ReverseLODs, which represents heritage buildings' level
of development combined with other levels of heritage
information. The LOD scheme, at present, is still in effect
since existing denominations do not extend to somewhat
ambiguous data, which exist in many shapes and forms
such as scripts and noniterative architectural features that
heritage sites carry.

Banfi et al. (2017) has developed a novel approach to
troubleshooting the issue of model accuracy in HBIM and
introduced the term grade of generation (GoG) to
distinguish geometric modelling approaches according to
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their geometric precision, particularly for the BIM platform.
Banfi's study states that GoG 1-8 covers primitive and
new-design-compatible modelling techniques, while GoG
9-10 covers digitally captured surface and survey
modelling approaches. Consequently, point cloud-based
advanced modelling falls into Banfi's GoG 9-10 category.

Managing heritage data within HBIM is different from
designing a building with BIM. This difference is more
evident when the object is non-uniform, which is
particularly significant for archaeological heritage places.
Undeniably, 3D capturing technologies provide highly
accurate virtual 3D representations as digital point clouds
of the surveyed artefact. However, attempts to fully
integrate point clouds into HBIM have resulted in
architectural models which behave functionally merely as
scaled and detailed geometric projections. BIM software,
in general, allows generative modelling, but is incapable of
detecting point clouds and converting them into 3D
models. Besides, built-in BIM object generation remains
primitive, and the modelling logic is limited to new design
elements and construction systems.

There is an increasing interest in developments which
expand the capabilites of HBIM, such as element
modelling (Barazzetti, Banfi, Brumana, & Previtali, 2015),
HBIM element library experiments (Baik, Alitany, Boehm,
& Robson, 2014), information mapping (Chiabrando, Lo
Turco, & Rinaudo, 2017), mixed-reality applications (Banfi,
2021), the development of generative modelling
methodology (Brumana et al., 2018), and even the
illustration of a road map for holistic conservation
practices (Brumana et al., 2020) and building archaeology
(Banfi et al., 2022). Despite these significant attempts,
using HBIM for data-driven conservation actions remains
an open field of study. As Volk and others (2014) have
also highlighted, the software-level structures of BIM
environments are still not fully able to encompass the life
cycle of heritage information. The process of analysing
any non-uniform heritage objects, from surveying to
decision making, is indeed a complex research problem.
In particular, HBIM could serve as a data-driven model
supporting future (conservation) analysis and decision-
making, and serve to produce a more democratic,
transparent and sustainable system for the preservation of
heritage information.

3. The case study: Heroon Remains at
Erythrae

Erythrae is one of the 12 lonian cities of Asia Minor, and
is located on the Karaburun peninsula in izmir in modern
Turkey. Historical research indicates that there has been
a significant settlement at Erythrae since the early
bronze age.

The case subject to this study, the remains of Heroon, is
situated in the northern part of the Erythrae archaeological
site. The name Heroon derives from the Greek word
'nowov and signifies sacred places in the forms of tombs
or shrines of important people of the time (Andronikos,
1980). Heroon bears a significant value in that it
represents the ancient architectural culture of Erythrae.
For instance, the materials used for the building were
taken from the quarry of Erythrae itself, and the
construction system shows a sophisticated approach for
the time.

19



DATA-DRIVEN CONSERVATION ACTIONS OF HERITAGE PLACES CURATED WITH HBIM

The in-situ remains of Heroon are very uneven and
complex in terms of their geometry, and the building
system and heterogeneous material used to increase the
challenge. The diversity of material deterioration and
structural damage at this site means that it is a typical
subject for conservation actions.

Today, the ancient settlement of Erythrae is partially
absorbed under a village named lidiri. On the one hand,
this means that the site is a multi-temporal and multi-
layered living settlement. On the other hand, the remains
are mainly located within private properties, making it
impossible to perform any excavation work as there are
legal barriers to performing any excavation work beyond
surface cleaning and organizing scattered remains such
as stone elements.

Despite the excavation campaigns conducted in the
Erythrae archaeological site since 1965, the only
published archaeological information relating to Heroon is
the transcription of a stone-carved script. According to
Engelmann and Merkelbach's (1972) transcription, the
script contains a vague mention of a Heroon somewhere
close to Agora, and the building is dated to 340 BC (Fig.
1). Although the script is eroded and does not directly
contain any other information on Heroon (including its
location), an excavation team decided that the subject of
the script is Heroon, since there are no other remains that
even resemble Heroon'’s structure.

As of 2019, our knowledge about this peculiar site has
been limited to that transcription because of the lack of
further historical or architectural research. The present
study demonstrates the results of the thorough recording
and visual interpretation of the remains at Heroon. It
focuses on the in-situ remains of the building, which are
located on a rectangular area of approximately 10 by 18

m, and 156 pieces of scattered stone blocks located
around it (Fig. 2). This paper also provides the first and
only architectural and archaeological interpretation of
Heroon, which has a unique architectural character given
its unexampled (or unrepresented) typology within the site
and the region

Figure 2: The Heroon remains: (a) bird-eye view of the in-situ remains; (b) a view showing the surface erosion due to winds from the
west; and (c) a 3D modelling view demonstrating material deteriorations.
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4, Curation of conservation actions with
HBIM

The conservation actions taken comprised the recording
of the in-situ material culture, the analysis of its spatial
and material properties (such as deteriorations,
deformations, and alterations) and the intervention
decisions taken to ensure the sustainable preservation
of the heritage artefacts. This process provided both
geometric recordings of the physical properties of the
site and conservation-related interpretations
demonstrating the heritage site's architectural and
archaeological nature, material culture, and cultural and
scientific significance. In doing so, we obtained
sophisticated tools for use in the decision-making
process as well as transparent heritage information and
knowledge interpretations.

In this paper, we re-examine the data-driven
conservation actions according to the concept of data
metamorphosis, defined by Baker (2012) as "the
processes of combination and association through which
data become transformed into useful information”. This
concept entails a comprehensive process in which
unstructured raw data are gathered and converted into
structured datasets, forming information, generating
knowledge, and making it available for those seeking to
understand heritage sites’ history, physical configuration,
and condition.

We revisited this conceptual pipeline of heritage curation
for the dynamic management of digital heritage data.
Tammaro (2016) defines digital curation as providing
reliable valorisation of digital data and information
management and usage either now or in the future.
Heritage data and information tend to be heterogeneous,
and heritage experts have been interested in digital
curation (Sayao, 2016). Recent digital heritage
management initiatives such as cyber archaeology
consider heritage curation as an integrated part of
archaeological heritage management policy (Stanish &
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Levy, 2013). This paper develops and implements a fully
operational workflow for curation. In Figure 3, we present
the virtual life cycle of heritage data curated by HBIM,
and the following sections explain the workflow in detail.

4.1. Data acquisition

The first conservation action is data acquisition, namely
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condition. It involves methods of capturing the digital
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intangible data, such as the historical background of the
heritage places.

Initially, Saricaoglu & Kosklik Kaya (2021) employed
photogrammetry and range-based laser scanning in
tandem as data acquisition methods for surveying the
geometrical properties of the building remains at Heroon.
Besides, Saricaoglu & Kosklik Kaya (2020)
demonstrated the capacity of the photogrammetric
method for documenting free-standing scattered stone
elements on-site (Fig. 4).
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Figure 3: The HBIM workflow of the study, from survey to BIM environment.
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The laser scanning of the in-situ remains resulted with
24 coloured, high-resolution scans. A ground-based
photogrammetric survey by digital camera resulted in
2716 photos. The point cloud data driving from
photogrammetry aligned, scaled and georeferenced,
based on the TLS point cloud.

The visual interpretation of the remains during the
observatory fieldwork provided the basis for an inventory
of the remains' material culture and physical condition.
This conceptual inventory is intended to form a multi-
model database of the heritage site. The inventory
corresponds to the site’s properties, including typology,
dimensions, and architectural details such as material
type and deterioration patterns per stone block.

4.2. Data processing

The data processing phase consisted of database
development and geometric modelling. This phase was
heavily dependent on previous data acquisition from 3D
surveys and field research. For the dense point cloud
generation, we aimed at a model deviation up to a few
millimetres for achieving adequate geometric accuracy
for the stone surfaces. Primarily, surveyed raw data
were converted into metadata as 3D point clouds and
orthophotos. Simultaneously, the data from the inventory
were digitized as well. The geometric modelling was
then conducted, which comprised the integration of data
from the inventory.

1.1.1. 3D surveying metadata

The aligned and scaled point clouds derived from multiple
surveys allowed the execution of orthophoto generation
using the default resolution and positioning parameters
offered by PointCab v.3.9 software. This direct approach
made it possible to avoid digital data loss and provided
stable texture references for geometric modelling and
analysis. Employing this method was particularly helpful
for texture quality and detail because the white balance
was off and the light was bright on the day of the TLS
survey. The photogrammetric survey remedied these
issues. We used both high-accuracy geometric surveys
and coloured orthophoto sets to align TLS with
photogrammetry.

Figure 5: Stone block data processing: a) image of the stone;
b) point cloud generation and camera positions; c) reference
bar for scaling; and d) final cleaned dense point cloud.

Virtual Archaeology Review, 13(27): 17-32, 2022

We implemented independent photogrammetric data
acquisition and processing for each scattered stone
element. As a result, we could clean and position them
separately in the geometric modelling phase (Fig. 5).

4.3. Information management

In the previous phases, raw data and structured data
were captured. We then integrated the acquired heritage
information and analytical data from this phase onwards
by employing a data-driven synthesis and decision-
making process.

This module has a preliminary step: the geometric model
integration into the BIM environment. As our geometric
objects corroborate with GoG 9-10 category, and
heritage-specific BIM elements are not built-in in the
software, we imported the NURBS-based models into
the Revit 2020 as a generic model family type. The
stone elements were added to the Revit individually,
whereas the in-situ remains were retained in bulk. It is
also worth mentioning that the purpose behind
generating GoG 10 category was not only to have a high
level of geometric fidelity but also to employ a high-level
capacity for semantic enrichment and non-geometric
data management, for instance, when simulating
intervention decisions.

1.1.2. Database design

We remodelled the inventories consisting of on-field
visual interpretations into a data entry form using
programming (Visual Basic in Microsoft Excel 2019).
This step established a relational database that could be
easy integrated into BIM software using the built-in
visual programming language (Dynamo Version 2.3).
The generated database of the referenced scattered
stones and in-situ remains of Heroon was then ready to
be integrated into the geometric model for information
mapping and other multi-level conservation action plans
(Fig. 6).

The inventory sheet contained a detailed visual survey of
the objects, which was tailored to the site. From physical
aspects such as tooling traces, elemental typology, and
dimensional features to the assessment of the material
condition and architectural relevance, information was
laboriously entered into the inventory for the database.
This extensive work was subsequently digitized. For
utilization purposes, we created a data entry form to
convert the inventory data into a database. This
implementation meant that the inputs were interoperable
between the database and the BIM environment.

1.1.3. Geometric modelling process

The geometric modelling of the in-situ remains and stone
elements of Heroon was realized using reverse
engineering. To tackle interoperability and parametric
transference between geometric modelling and BIM
software, a NURBS-based modelling program was used.

The BIM environment could understand the polysurfaces
as built-in forms of BIM entities. These generative
modelling elements, or families, correspond to element
typologies such as walls, roofs and floors. However, this
does not always cover the requirements of heritage
sites, especially when it comes to a non-uniform 4t
century BC building as the Heroon remains. For
example, Heroon has walls, but representing them in
one category as ‘the wall' will not serve to inform
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conservation actions. Instead, treating each stone
element in the wall as a separate structural feature
created architectural units which were appropriate for
conservation interventions. Moreover, the generative
drafting of the walls in the BIM software was not
applicable because of their varying and distinct
geometries. Therefore, for an archaeological site such
as Heroon, the individual stone pieces composing the
masonry structure of the walls require individual
assessment, and as such handling remains as part of
the modelling process. Although the system's
robustness was somewhat cumbersome for both ends of
the equation —the experts and the computers— we
tackled this issue by importing 3D models as a mass
element into the BIM environment.

This study is based on geometric modelling of both 3D
point cloud data and generated orthophotos. As such,
geometric surface modelling of the in-situ remains was
prepared for information management —namely, holistic
analysis in 3D. To facilitate this modelling, we
implemented semi-automatic profile extraction and point
cloud segmentation using CloudCompare and
orthophoto tracing within the geometric modelling
software, with Boolean operations as well as a point
cloud to NURBS conversion, and generated a 3D model
consisting of the 1011 individual stone elements that
compose the in-situ remains of Heroon (Fig. 7). We
implemented the same modelling procedure individually
for the scattered stone blocks, resulting in a total of 156
elements representing these scattered blocks (Fig. 8).
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Figure 7: 3D polysurface modelling of a stone element: a) orthophoto based; b) point cloud profile extraction and final polysurface.
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(d)

Figure 8: 3D polysurface modelling of the in-situ remains of Heroon: a) top view orthophoto; b) 3D orthophoto placement; c) Boolean
operations; and d) final surface model of the remains.

We completed the geometric modelling in NURBS-based
modelling software (McNeel Rhinoceros 7) for both the
3D in-situ remains of Heroon and the scattered stone
elements. The information levels in the 3D model were
represented by layers and corresponding geometries, in
this case as polysurfaces, for each conservation action.
Grasshopper v. 5.3.2, a built-in Rhinoceros visual
programming language for parametric creation, assisted
the conversion of the geometry for migration into the
HBIM environment. While modelling of the stone
elements was included in the same workflow as
modelling of the in-situ Heroon remains, the heritage
information generated from the database was integrated
from the geometric modelling software into the BIM
environment in a different way. The data categories were
pulled as a list from the database and converted to a
parametric Revit family that entailed the properties of the
objects. With that procedure, conducted using Dynamo
(Version 2.3), the database from the fieldwork was fully
integrated into Autodesk Revit 2020.

1.1.4.Information mapping

The information interpreted during the fieldwork
regarding the heritage assets' physical aspects and
material culture was included in the modelling process.
This provided a basis for the 3D representation of
conservation actions.

As conservation action measures, analysis of the
heritage data included the study of material typology,
material deterioration, structural system, structural
deformation, and construction phases. We conducted an
all-inclusive building archaeology analysis. For instance,
Figure 9 illustrates the diversity of materials found in-
situ, based on visual interpretation and heritage-specific
knowledge. Figure 10 demonstrates the material usage
in 3D space. Since this research also extends to the
spatial scale when analyzing the archaeological remains,
Figure 11 introduces another fundamental level by
examining the roles of the buildings in terms of their
positioning within the remains. This analysis enabled us
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to provide a depiction of the spatial relations of both free-
standing elements and the in-situ remains at scientific
and data-driven levels.

Acquired, interpreted, and structured heritage
information calls for sustainable organizational measures
for the holistic data-driven conservation process. The
management of the analytic information —structuring,
linking and organizing it— resulted in novel findings. This
newly accessed metadata entailed heritage information
related to the as-found identification of the heritage
assets. Applying information management to Heroon
and the stone elements resulted in five primary outputs:
(i) the analysis of the spatial relations of the building; (ii)
visual analysis of material typologies; (i) the
deteriorations and deformations; (iv) the deciphering of
the authentic design phases representing the building
restitution study; and (v) intervention decisions for the
physical safeguarding of the heritage assets.

The spatial analysis of Heroon was established on the
basis of the analyses conducted in the location and
construction phases. This re-examination of the
conducted investigations benefited the new information
generation process, especially by filling in gaps relating
to Heroon's typology —its potential past. This practice
recalled the displaced (spolia) elements, threshold
stones, and translocated elements, particularly
cornerstones which provide a reference for the original
size of the building.

1.1.5.Intervention decisions

Heritage assets are exposed to physical threats due to
their locations. These threats can cause material
deterioration, loss, structural deformation, and damage.
Intervention measures are necessary to avoid dire
outcomes. With the help of this 3D model analysis,
decisions about each conservation issue could be
made and, most importantly, threats could be easily
remedied accordingly.
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Figure 12: Network design of the intervention decisions for the material deterioration: a) analysis; b) cleaning; c) consolidation;
d) consolidation application methods; and e) maintenance steps.

For Heroon and the stone elements, this process was
implemented separately at material and structural levels.
These decisions were also based on the material typology
of the decaying features. For example, although material
damage can be manifested in similar ways, like
disintegration, deterioration handling procedures differ.
Epoxy-based injections are appropriate for andesite
stones, for instance, but not particularly helpful for mortar.
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Intervention decisions for material deterioration, instances
of which fell into 16 different classifications, were taken in
three steps: (i) cleaning, (ii) consolidation, and (iii)
maintenance. A set of procedures was specified for each
of these steps, such as which chemicals to use and how
to implement them (Fig. 12). For instance, we observed
heavy lichen formation located in the far northern part of
Heroon (Fig. 13). Lichen creates a biofilm on the surface
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of stone elements. It can induce both physical and
biochemical reactions, e.g. by the emission of oxalic acid\,
which can result in surface erosion and more dire
problems like the complete loss of assets. To remedy
lichen formation, material and location-specific
intervention decisions must be made. At Heroon, we
decided to address this deterioration first by chemical
cleaning with acidic solutions, then by consolidation with
alkoxysilane poultice, which has been found to be an
appropriate long-term decontamination method. We chose
gel-based surface agents to ensure deep and time-
released protective surface penetration.

We illustrated the application method to prove how this
detailed methodology could be utilized for each process.
This procedure administered programming and heritage-
specific algorithms, which specified information and data
and provided a reference for the decision-making process
(Fig. 14). The intervention decision-making process for the
structural issues was organized in two steps: assessment
of urgency level and selection of application method (Fig.
15). Primarily, the urgency levels of the structural
deterioration threats were identified depending on the
immediate risk that they posed for visitors and in terms of
heritage loss. Next, structural system analysis was
conducted on areas of intermediate safety, followed by
the lowest priority areas. These procedures were
generated using a network design similar to that used in
the aforementioned material-level interventions. It is worth
mentioning that this step-by-step decision-making process
was applied individually to the 156 free-standing stones,
because the system was bound to the multi-modal
database and shared the digital environment
simultaneously.

5. Discussion and results

The spectrum of conservation actions ranges from
documenting to reconstructing heritage sites. Heritage
sites, particularly archaeological heritage sites, have
complex tangible and intangible properties. Heritage data
is heterogeneous and nonstandard —it includes particular
geometrical characteristics and tacit knowledge like
temporal changes in the built environment. As a result, it
is challenging to employ heritage data in conservation
actions in a straightforward manner. To address these
issues, this research focuses on a data-driven approach
to digital heritage management methods, from collecting
raw data to the decision-making process, and offers a
method curated with HBIM.

The research results were integrated into a multi-
dimensional database, and information on the Heroon
remains was managed with transparent case analyses.
For instance, as Figure 16 illustrates, the programming
architecture, from mapping to the 3D database, comprised
an HBIM approach which enabled semantic geometric
modelling of each free-standing stone at the site. This
procedure also embodied the in-situ remains, since the
modelling typology and metadata were created in a similar
method. The colour coding of the visual programming
language, generated in Revit's built-in Dynamo software,
corresponds to the original inputs in the database. As the
illustration indicates, the architecture of the algorithm
inside the BIM environment was coherent with the
preliminary inventory sheets.

The data-driven conservation actions were conducted in
four modules: (i) data acquisition, (ii) data processing,
(i) information management, and (iv) curation (Fig. 17).
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The first module covered the survey of the Heroon
remains and surrounding scattered stones by conducting
TLS and digital photogrammetry. It also entailed on-site
analytical interpretation, such as material culture
analysis and archival research. The second module
introduced data processing and involved the creation of
digital references such as 3D point clouds, metadata
generation, and database building. In the third module,
the generated data was synthesized on the basis of the
heritage domain's conservation action criteria. In the last
module, curation, the HBIM environment enabled fully
functional and high-fidelity management in 3D.

The method offered in this paper corresponds to both
the digital heritage paradigm and the conservation
sphere of heritage architecture by introducing modules
which correspond to practice in the field. Theoretically, it
adopts the resolutions contained in the relevant
international charters and principles, particularly the
London Charter (2009), the Seville Principles (2011),
and the representation guidelines of ICOMOS, the
International Council on Monuments and Sites (1990,
2003). It utilizes state-of-the-art digital methods, from
surveys to simulations.

Consequently, it explores the link between the
representation of heritage information and conservation
by conducting an HBIM approach at an archaeological
site. It looks at how the conservation process could be
fully integrated into HBIM, covering both high levels of
geometric accuracy and multi-level data related to
conservation actions in a sophisticated manner.

There were many challenges when designing the
method, despite the novel findings. First and foremost,
the BIM software is still not directly operable from the
initial 3D surveying to the processing of point clouds.
Even though high accuracy was achieved in data
acquisition, a large (semi-) manual effort was still
required to segment, align, and convert point clouds into
3D models. These drawbacks make the process
somewhat cumbersome and challenging  for
archaeological heritage sites, since these sites do not
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necessarily have orthogonal geometrical forms and
tangible information. In this paper, we tackled these
issues by employing a semi-automated reverse
engineering method which used NURBS-based
geometric modelling software and parametric visual
programming. Secondly, HBIM is still in its infancy
because of its reliance on the built-in systems of BIM
software. BIM software can neither operate various
geometries directly nor handle complex heritage
terminology and architectural information that differs
from contemporary terminology and information. This
means that BIM software is not fully capable of detecting
the spatiality of heritage places without the integration of
programming levels and migration to other platforms. For
instance, this was an issue for the stone elements, since
no masonry element category in the BIM software could
represent the individual stones forming the wall. We built
a new family in Revit using Dynamo, as a general model
element rather than an available structural building
element. In addition to the graphical disadvantages of
BIM platforms, tacit and intangible heritage knowledge is
not directly adaptable within them. An HBIM is not an
imported historical 3D model of an asset. So far, BIM
platforms present some problems in terms of heritage
authenticity. Nevertheless, overall integration
successfully enhances the BIM environment and
provides a conservation action management tool with
tailored workflows.

6. Conclusions and future trends

With the recent advances in geometric modelling and
BIM, the cultural heritage field has become better
equipped to digitally store, generate, and represent
multiple data and information formats, and heritage
condition monitoring has become more sophisticated.
The tools are relatively beneficial for the digital
reconstruction or design of buildings with highly accurate
3D surveying methods and allow the creation of “digital
twins” of heritage sites.
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Recently, the multi-dimensionality of the “digital twins” of
heritage sites has come to a focal point: possible cost-
effective and preventative conservation actions can be
simulated before conducting them in real-time.
Integrating tangible and intangible heritage knowledge
and making tacit archaeological knowledge explicit, such
as by documenting the decision-making process
(paradata), provides more democratic heritage data.
Future-proof workflows and comprehensive data
management provide for sustainable dataflows, for
instance, importing anachronical lab results and reports
of deterioration and material typology and having
respective decisions accordingly.

Despite the promise of NURBS-based modelling, which
allows digital information and heritage knowledge to be
interoperable and compatible regardless of the
commercial or open-source software used, it is much
trickier for archaeological heritage. The main reason for
this is that BIM has been designed for buildings that do
not exist or have already been designed with digital
tools. Therefore, it is worth mentioning that not every
heritage-related BIM environment is considered an HBIM
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