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This paper presents a process-based framework to model the transition of stone masonry 
from conventional and semi-automated production to fully automated fabrication systems. 
Focusing on the culturally rich stone craftsmanship of Mardin, the study applies Business 
Process Modelling Notation (BPMN) to document workflows spanning quarrying, 
carving, and construction. It introduces the Stone Craft Process Model (SCPM) and 
extends it into a Fully Automated Process Model (FAPM), enabling the analysis of 
manual, semi-manual, and external components in relation to automation. By integrating 
fieldwork, procedural modelling, and digital scans, the methodology investigates how 
these workflows can align with sustainability and circularity principles. The model also 
incorporates automation design stages, prototyping, system control, and feedback-based 
validation. The results show that process-based digital heritage modelling not only 
preserves craft knowledge but also establishes a scalable infrastructure for data-driven, 
sustainable, and autonomous stone production systems. 
 
Keywords: Cultural Heritage, Digital Fabrication, Traditional Crafts, Stone Carving, 
Process Modelling.

INTRODUCTION 
The digital transformation of traditional crafts is 
redefining how cultural heritage is documented, 
transmitted, and sustained in the face of 
accelerating socio-economic and technological 
change. Historical cities renowned for their 
intricate stone construction traditions adapt to 
these changes. Once transmitted primarily 
through master-apprentice relationships, the 
knowledge systems of stone masonry are now 
undergoing a profound shift. Increasingly, semi-
automatic tools and CNC-based technologies are 
being integrated into workshops and training 
programs, reshaping both the aesthetics and 
logics of production. However, the growing 
reliance on digital tools raises critical questions 

around the authenticity, sustainability, and future 
transferability of this cultural practice, as also 
emphasized by the UNESCO Convention for the 
Safeguarding of the Intangible Cultural Heritage 
(2003), particularly in Articles 2 and 14, which 
underline the need for intergenerational 
transmission, education and the preservation of 
cultural knowledge systems in evolving 
technological contexts (ICOMOS, 2003). 

This paper proposes a comprehensive process 
modelling approach to bridge the gap between 
traditional stone craftsmanship and digital 
fabrication techniques. By conceptualizing 
process as a complex system involving human 
input, material behaviour, equipment, methods 
and environmental factors, the research develops 
a model that captures the workflow across three 
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primary domains: quarrying, carving, and 
construction. Drawing on Business Process 
Modelling Notation (BPMN) as its core 
framework, the study formalizes both the 
traditional and semi-automated processes 
employed in the production of carved stone 
elements, with particular focus on geometrical 
motifs rooted in the architectural heritage of 
Mardin which is a historical town in upper 
Mesopotamia and southeast of Anatolia. 

Methodologically, the research integrates 
fieldwork, interview-based data collection, and 
digital modelling techniques, including 3D 
scanning and procedural design, to reconstruct 
traditional techniques and map their 
compatibility with subtractive digital 
manufacturing. Beyond documentation, the study 
explores how principles of circularity and 
sustainability can be embedded into digital 
heritage workflows. Circularity, in this context, 
refers to a design and production philosophy 
aimed at minimizing resource input, waste, and 
energy leakage by creating closed-loop systems 
in which materials and information are 
continuously reused, reconfigured, or 
reintegrated throughout the lifecycle of a building 
or product. This approach not only extends the 
functional life of heritage materials but also aligns 
with broader sustainability goals through 
informed digital modelling and traceability (Çetin 
et al., 2021). In particular, it addresses the need for 
traceable material data, enabling stone origin, 
waste reuse, and energy efficiency metrics to be 
integrated into information models at a 
geometric level. 

To that end, the research extends the 
conventional scope of Building Information 
Modelling (BIM) by incorporating process-level 
intelligence into heritage-oriented workflows. 
Through the development of a Stone Craft 
Process Model (SCPM), and subsequently a Fully 
Automated Process Model (FAPM), the paper 
outlines a transferable and expandable digital 

system that supports both cultural continuity and 
technological innovation (Batchelor et al., 2021). 

PROCESS MODELLING FOR DIGITAL 
HERITAGE 
The development of a knowledge model is of 
critical importance in the preservation of cultural 
heritage (Logothetis et. al, 2015). To establish 
such a model, it is essential to collect data, analyse 
its structure and standardise its format. Once the 
data is made coherent and processable, the 
method of digital transformation must be clearly 
defined. Additionally, decisions must be made to 
ensure the long-term storage of this data more 
than its mere reconstruction (Addison, 2007; 
Forte, 2011). Therefore, processing and digitising 
heritage-related information is not only a matter 
of archival necessity but also a fundamental 
requirement for sustainable access and 
preservation (Hug and Gonzalez-Perez, 2012). 

In the field of architecture, the prominent 
approach of Heritage Building Information 
Modelling (HBIM) supports the development of 
cultural knowledge models and the preservation 
of heritage. HBIM systems not only facilitate the 
documentation of architectural structures and 
processes but also provide a platform for their 
digital transformation (Dore and Murphy, 2017). 
This evolution has given rise to the notion of 
smart heritage, which integrates advanced digital 
technologies—including sensors, data analytics, 
and automation—into heritage management to 
enhance sustainability, efficiency, and user 
engagement (Batchelor et al., 2022). 

Within the scope of this study, the Stone Craft 
Process Model (SCPM) was developed as a model 
to be integrated into HBIM process framing 
studies in the future. The model aims to integrate 
traditional stone craftsmanship knowledge with 
digital fabrication systems to support the 
sustainable transmission of cultural heritage. 
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MASONRY CRAFT PROCESSING 
With a history dating back to the Paleolithic era, 
Mardin has served as a settlement for numerous 
civilizations. The city, historically favoured by 
Romans, Seljuqis and Ottomans, was 
predominantly constructed using stone materials 
over the centuries. In this context, stone masonry 
has become one of the most distinctive and 
defining cultural elements of the region. From a 
holistic perspective in this context, it is evident 
that protecting not only the physical built 
environment but also the intangible knowledge of 
traditional stone craftsmanship is crucial. 

Stone masonry is an ancient craft technique 
used in both structural construction and 
ornamental detailing. Transmitted across 
generations through the master-apprentice 
relationship, this heritage has been preserved and 
transformed over time. One of the major driving 
forces in this transformation has been technology. 
Traditionally, stone was processed using iron 
hand tools, which played a role in every stage—
from quarrying to final detailing. However, with 
the advancements of the last century, many of 
these tools have become mechanised or replaced 
by alternative systems. This shift has led to the 
emergence of new production and processing 
methods within the craft. 

Digital tools play diverse roles in the 
documentation of traditional crafts. In addition to 
basic methods such as video recording and 
photography, it is also possible to document 
crafts by capturing their real-world roles and 
contexts. These tools contribute to the 
sustainability of crafts through educational and 
presentation-based applications (Zabulis et al., 
2024). Beyond visualization and gamification, 
documentation is also critical for robotic 
production systems. In the field of stone 
craftsmanship, there are existing semi-automated 
systems that enable production while critically 
addressing the material’s physical capacities 
(Shaked et al., 2021). From the perspective of 
architectural restoration, various technologies 

such as 3D scanning, stone surface modeling, and 
CNC-based manufacturing of column capitals 
have also been explored (Burry, 2016; Hayes et al., 
2014). These robotic and CNC-based approaches 
provide valuable contributions to documentation 
and are clearly playing a role in preserving 
traditional stone craftsmanship for the future. 
However, most of these studies focus only on the 
decorative aspect—specifically, the carving of 
stone surfaces. Considering that the production 
process in stonework involves a systematic flow 
from quarry to workshop to construction site, it 
becomes evident that documentation efforts 
must adopt a broader and more process-oriented 
approach. 

METHODOLOGY 
The methodology of this study involves four main 
components: data collection through interviews 
and workshop observations, process modelling 
using Business Process Modelling Notation 
(BPMN) in Microsoft Visio®, evaluation of the 
developed model, and comparative analysis of 
traditional and semi-automatic production 
workflows. 

Data gathering 
Data concerning stakeholders involved in 

traditional and semi-automatic stone 
craftsmanship was collected through a 
combination of field observations and literature 
review. Observations were conducted in key 
production environments such as stone quarries 
and workshops, and interviews were held with 
stone craftsmen and workshop owners operating 
under both traditional and semi-automated 
systems. The purpose of these interviews was to 
document tools, materials, and techniques used 
throughout the chronological sequence of the 
stone crafting process—from quarrying to 
processing and application in construction. 
Fieldwork was carried out in two stone quarries, 
three traditional workshops, and two semi-
automatic facilities (Figure 1). In total, five master 
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stone craftsmen working across different systems 
and stages were interviewed. 

BPMN modelling 
To document stone craftsmanship as a form of 
digital heritage, the study aimed to establish a 
comprehensive process model. Several modelling 
approaches were evaluated, including Data Flow 
Diagram (DFD), Design Structure Matrix (DSM), 
Integration Definition for Function Modelling 
(IDEF0), and Business Process Modelling Notation 
(BPMN). Among these, BPMN was selected for its 
rich set of components and its flexibility in 
representing both sequential and decision-based 
structures (OMG, 2013; White, 2004). BPMN’s 
notation has been used to define various roles 
and their corresponding criteria in the simulation 
of hospital environments—such as patients, staff, 
and visitors (Simeone et al., 2013). Similarly, it can 
be applied to traditional crafts, where roles like 
tools, human labor, and raw materials are 
involved. This demonstrates the flexibility and 
adaptability of the BPMN framework across 
different domains. Core components such as 
events, activities, gateways, and connectors were 
defined in accordance with the specific workflows 
of stone craftsmanship, thereby outlining the 
model’s scope. The complete process model was 
developed using the vector-based modelling 
software Microsoft Visio®. 

One of BPMN’s key components, the pool, 
was used to distinguish between different 
domains of activity, including the stone quarry, 
the workshop, and the construction site. 
Interactions between these pools—i.e., cross-
domain flows—were represented using message 
flows. The overall functioning of the system was 
captured through a sub-process object, which 
was employed to model high-level workflows 
(Figure 2). 

After separating the model into quarry, 
workshop and construction site components, 
further detailing was conducted by identifying 
and mapping key process actors—such as human 
labour, machinery, and tools—through 
appropriate BPMN components. Based on 
interviews, literature and field studies, it was 
observed that while traditional knowledge 
remains foundational, the craft has undergone a 
transformation with the integration of semi-
automated systems. This hybridization was 
detected across all domains of activity and was 
articulated in the model using gateways, enabling 
the representation of both parallel and divergent 
process flows (Figure 3).  

 
 
 
 
 
 
 

 

Figure 1 Data 
gathering 
conducted in the 
workshop 
environment as 
part of the 
fieldwork process. 

Figure 2 
Overview of the 
stone craft process 
model (SCPM) 

Figure 3 
Distinction 
between 
traditional and 
semi-automatic 
flow involved in 
the process. 
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To distinguish between different task types 
within the workflow, BPMN task types were 
employed. Tasks relying exclusively on manual 
labour and traditional tools were modelled as 
“Manual Tasks”, while those involving a 
combination of human and machine effort were 
classified as “User Tasks”. Furthermore, fully 
automated processes—such as CNC cutting, 
which require minimal direct human 
interaction—were represented as “Service Tasks” 
(Figure 4).  

 
The process model developed for 

documenting traditional-to-digital transitions in 
masonry craftsmanship employs a rich set of 
BPMN 2.0 elements to represent workflows across 
domains such as material extraction, shaping, and 
implementation. A total of 46 distinct tasks have 
been identified, structured within 5 sub-processes 
that provide modularity for future expansion. The 
model utilizes 14 gateways for decision-making 
flows, and 9 events to define process transitions. 
Furthermore, 31 directional flows (both sequence 
and message flows) establish communication and 
logical order between steps. The inclusion of 18 
annotations and data objects reflects a high level 
of contextual documentation, especially in areas 
where BPMN does not natively support craft-
specific variables. The three pools and seven lanes 
used organize domain-specific actors and spaces, 
offering clarity in representing stakeholder roles 
across a digitally oriented heritage fabrication 
process. This distribution demonstrates the 
model’s scalability, flexibility, and readiness for 
integration into BIM-based systems. 
 
 
 
 

Diagram evaluation of the process 
model in Visio 
The diagrams of the process model were 
evaluated in accordance with the BPMN 2.0 Rule 
Set. The final verification step was carried out 
using Microsoft Visio®, the platform where the 
model was originally created. Diagram validation 
was performed through the “Process” tab located 
in the upper menu of the Visio interface (Figure 
3.97). Within this menu, the necessary 
configurations were made for validation, and the 
“Check Diagram” function was activated following 
the selection of the BPMN 2.0 Rule Set. 

 
 
 
 
 
 
 

During the validation process, Visio identified 
several issues related to the model’s connectivity 

Table 1 
Statistical 
breakdown of 
BPMN 
components used 
in the process 
model 

Figure 4 
Example 
demonstration of 
traditional, semi-
automatic and 
fully automatic 
flow types in the 
process 

Figure 5 
Auditing the 
process model 
created with 
BPMN with Visio® 

Compo. 
Type 

Count Description 

Task 46 Represents distinct actions 
or work steps within the 
process 

Gateway 14 Decision points where the 
process diverges or 
converges 

Event 9 Includes start, 
intermediate, and end 
events marking transitions 
in the flow 

Sub-
process 

5 Collapsed units 
representing groups of 
related tasks, expandable 
when needed 

Data 
object / 
Annotat. 

18 Descriptive elements used 
for notes, data references, 
or contextual clarification 
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components. Upon further inspection, it was 
found that these issues stemmed from the 
integration of visual elements (e.g., images of 
tools) that had been added for illustrative 
purposes. These visuals could not be formally 
integrated into the BPMN notation and were 
instead connected to the model using link 
elements, effectively extending the diagram for 
explanatory use. As such, the model underwent a 
form of notational modification. 

The warnings generated because of this 
adaptation were marked as “ignored” via the 
program interface and excluded from the 
validation results (Figure 5). Aside from this 
exception, no structural violations of the BPMN 
notation were detected. The process model was 
thus successfully verified through multiple 
validation steps. Overall, the use of Microsoft 
Visio® for process modelling revealed certain 
limitations. Specifically, the recurring errors 
generated by the annotation component indicate 
the need for an updated software version or 
patch. Such issues are likely to be addressed 
through future user feedback and iterative 
development. However, Microsoft Visio® remains 
a viable tool due to its compatibility with BPMN 
specifications and its capacity for seamless 
integration with Microsoft Word. This 
interoperability enhances both accessibility and 
workflow efficiency, making it a practical choice 
for architecture-focused process modelling tasks. 

DISCUSSION: FROM DIGITAL 
HERITAGE TO HBIM AND TOWARDS 
CIRCULARITY IN DIGITAL MASONRY 
FABRICATION 
In the process model, the operations are carried 
out through two distinct methods: traditional and 
semi-automatic. The process model enables a 
comparative analysis of traditional and semi-
automatic methods by identifying both 
overlapping and divergent stages. In this context, 
the model not only serves to document stone 
craftsmanship but also allows for critical analysis 

of both the process and the modelling framework 
itself, which lead to a proto model for its 
integration into HBIM frameworks. This would be 
required to meet the following criteria as 
efficiency, productivity, competitiveness, 
sustainability and usability. 

When evaluated across quarry, workshop, and 
construction site operations, several challenges 
have been identified. As discussed previously 
under the section on Process Models, the 
formation of rubble in quarries presents 
significant environmental and operational 
drawbacks. To address this, efficiency-enhancing 
mechanisms could be integrated into stone 
extraction procedures and machinery. By 
reducing material waste during extraction, the 
efficiency of the process can be significantly 
improved. As documented in the process model, 
rubble is often repurposed as aggregate or 
mortar material. Such practices of waste 
valorisation could be incentivized through tax 
reductions or other environmental policies. 
Moreover, stone workshops have notable 
potential for solar energy generation. Installing 
photovoltaic systems can enhance both energy 
efficiency and operational self-sufficiency, and 
such investments may be supported through 
sustainability incentives or subsidies. 

At the workshop level, certain challenges 
related to the perceived aesthetic limitations of 
semi-automatic production were also noted. 
While some producers remain sceptical of the 
visual quality of semi-automated outputs, several 
strategies may help overcome this perception. 
Importantly, design processes should not be 
limited to predefined digital libraries but should 
also support original production. Though some 
workshops are engaged in such efforts, the 
absence of dedicated design professionals within 
many facilities limits innovation. Incorporating 
designers into workshop operations could 
diversify digital production outputs. Furthermore, 
undergraduate education in architecture, interior 
architecture, industrial design, and visual 
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communication design could be expanded to 
include courses on stone fabrication and digital 
production workflows. These programs, especially 
if aligned with CNC-based semi-automatic 
systems, would help bridge the gap between 
design and fabrication and promote the sector as 
a viable professional field. 

Another recurring issue concerns surface 
traces left by CNC machining, which are often 
cited as reasons for the rejection of semi-
automated products. Several approaches can be 
adopted to address this. Firstly, machine selection 
criteria should prioritize devices with a wide 
processing range. Regular calibration, tool head 
adjustments, and pressure settings should also be 
implemented. If surface traces persist, manual 
finishing techniques, such as filing—commonly 
used in traditional methods—can be applied. 
Additionally, manufacturers of CNC equipment 
could be encouraged to develop integrated 
finishing features, allowing machines to handle 
surface refinement more autonomously. 

Certain limitations were also identified in relation 
to the Stone Craft Process Model (SCPM). While 
the model effectively documents the stages from 
extraction to workshop processing, the 
construction site phase has not yet been 
elaborated in comparable detail. To enhance the 

model, the construction phase could be 
expanded using sub-process components, 
allowing for more comprehensive integration of 
on-site operations. 

Another key development opportunity involves 
the transition to fully automated production 
systems. While the SCPM currently covers 
traditional and semi-automatic methods, it also 
supports an analysis of the transitional zone 
between these two modalities. In response, a Fully 
Automated Process Model (FAPM) was 
developed. This model facilitates analysis of the 
current system, proposes new automation 
strategies and includes testing protocols. Figure 6 
illustrates the integration of SCPM with FAPM 
using a complex gateway structure following an 
intermediate event, allowing the merging of all 
required phases at a decision node. The phases 
involve research and proposal development for 
the automation of manual and external workflow 
components. To implement these 
recommendations, project development and 
prototyping stages were proposed. It also 
outlines the sequence from design to production 
and testing, indicating the need for interface 
design and system control infrastructure to 
support the overall automation strategy.

Figure 6  
Analysis of the 
Stone Craft 
Process Model 
(SCPM) using the 
Fully Automated 
Process Model 
(FAPM). 
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Circularity perspective 
In traditional stone masonry, localized strategies 
are used to reuse material waste throughout the 
process. Irregular fragments left after quarry 
cutting are reused on-site in vault construction via 
the sanduka method, where finely cut ashlar 
forms visible surfaces, and discarded stones fill 
the inner volume. Similarly, waste and fine dust 
from carving operations are repurposed in mortar 
mixes, reflecting a circular approach where 
materials are redirected into structural roles. In 
semi-automated systems, quarry remnants are 
reused as construction infill or gravel. Workshops 
using CNC and water-cutting systems recover 
both water and material. Wastewater carrying 
stone dust is filtered in settling tanks; the water is 
reused, and the dust added to mortar. The 
proposed fully automated model maintains this 
circularity by embedding recovery at each 
production stage. It employs BPMN 2.0 
Conditional Start Events to trigger the waste 
handling subprocess only when a waste threshold 
is reached, ensuring energy-efficient, responsive 
material reuse (Figure 7). 
 

Due to its organic nature, stone differs from 
inorganic materials in reuse potential. If no 
chemical degradation occurs during quarrying or 
processing, it can be recycled. However, after 
construction, reuse requires alternative solutions, 
especially in cases of deterioration. In restoration, 
cleaning and reuse are specialized practices, 
historically linked to the “spolia” system. While 
once seen as material vandalism, modern 
preservation policies now prioritize protection of 
heritage structures. 

Nevertheless, the reuse of stone in 
contemporary constructions is anticipated to 
pose a growing challenge in the future. For this 
reason, the fully automated processing system 
proposes a recovery approach based on 
computational design principles. In this model, 

whether the stone is intricately carved or simply 
regular-cut, all CNC-processed blocks are to be 
tagged with unique identifiers, thereby granting 
them digital traceability. Through this system, 
any given stone can later be retrieved, scanned, 
and reprocessed for use in a different parametric 
or computational design project. The workshop 
thus functions as a closed-loop hub where 
materials are reintroduced into production, 
ensuring dimensional adaptability and resource 
optimization (Figure 8). 

However, one anticipated limitation of the 
proposed model is that stones extracted from 
quarries may undergo changes in their structural 
integrity over time due to natural environmental 
conditions. Nevertheless, considering that stone 

Figure 7  
Collapsed 
subprocess model 
showing the 
recovery of waste 
generated during 
stone processing 
through recycling. 

Figure 8  
Collapsed 
subprocess model 
showing the 
reintegration of 
processed stone 
into the workflow 
within the Fully 
Automated 
Processing Model 
(FAPM). 
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is predominantly used today as a cladding 
element over reinforced concrete frames, its load-
bearing function can be deprioritized in reuse 
scenarios. 

Ultimately, in contrast to traditional and semi-
automated operations—which lack a structured 
system for waste management and material 
recovery—the fully automated processing 
approach introduces a new paradigm by 
assigning a digital identity to each processed 
stone. Through the integration of object 
recognition technologies and parametric design 
tools, this model enables maximum efficiency in 
the transformation and reuse of material. By 
leveraging both the traceability of uniquely 
identified components and the intrinsic natural 
qualities of the stone, the system promotes a 
sustainable, renewable, and preservation-
oriented framework for the continued use of 
stone in architectural production. 

Finally, once the system has been developed, 
the model incorporates phases that facilitate user 
operation and feedback mechanisms. The 
transition from the SCPM to a fully automated 
framework is supported through notational 
constructs that enable ongoing refinement and 
iterative testing. A modular structure is employed 
to represent generalized process scopes, allowing 
for future expansion and integration of system 
improvements as necessary. 

CONCLUSIONS 
This study aimed to model the production 
processes of geometric stone ornamentation 
found in the historic architecture of Mardin, within 
the framework of digital heritage documentation. 
In doing so, it examined the transformation 
between traditional craftsmanship and semi-
automated production methods through the lens 
of process modelling. 

At the initial stage, the research explored the 
cultural significance of stone masonry in Mardin, 
supported by literature reviews and field 
interviews that revealed current production 

practices. The coexistence of traditional and semi-
automatic methods enabled a comparative 
evaluation of the process in terms of efficiency, 
sustainability, and productivity. To represent the 
multi-layered structure of the stone processing 
workflow—spanning quarries, workshops, and 
construction sites—Business Process Modelling 
Notation (BPMN) was employed. Though rarely 
applied in architectural contexts, BPMN proved to 
be an effective framework for visualizing the 
complexity and dynamic evolution of the craft. 
The process model was developed in Microsoft 
Visio® and validated through internal verification 
mechanisms, successfully identifying both the 
distinctions and overlaps between traditional and 
semi-automated practices. The findings of this 
study indicate that BPMN can effectively model 
the components of various craft domains—not 
only architectural crafts such as wood carving, 
ceramic ornamentation, and painted decoration, 
which involve tools, manual labor, and design 
inputs, but also other traditional practices like 
filigree, carpet weaving, and copperwork. 

One of the model's key contributions lies in 
demonstrating how digitally adapted stone 
masonry processes can be aligned with circularity 
and sustainability principles. Issues such as 
material reuse, energy efficiency, the transition to 
automation, and the continuity of craft 
knowledge were all critically evaluated through 
the model. The modular structure of the model 
allows for the integration of underrepresented 
areas—such as the construction site phase—and 
establishes a foundation for observing potential 
transitions to fully automated production 
systems. Ultimately, the findings suggest that 
while purely traditional methods are in decline, 
digital technologies hold transformative potential 
for preserving, interpreting, and expanding the 
cultural value of stone craftsmanship. By building 
a structured knowledge base of motifs, workflows, 
and modelling standards, this research 
contributes to a new paradigm for the sustainable 
digitization of craft heritage in the architectural 
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domain. In conclusion, this paper not only 
provides a comprehensive digital documentation 
of stone masonry practices but also proposes a 
robust methodological framework for the 
preservation, interpretation, and future-oriented 
transformation of tangible and intangible cultural 
heritage within the scope of computational 
design and digital fabrication. 
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