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Izvleček: Gradbena industrija se spopada s postopki ocenjevanja stroškov, kar zahteva ročne posege, ki 

povzročajo neučinkovitost in napake. Ta raziskava razvija okvir za avtomatizacijo, ki povezuje 

standardizirano validacijo podatkov iz BIM s strukturiranimi bazami podatkov o stroških z uporabo 

standardov Industry Foundation Classes (IFC) in Information Delivery Specification (IDS). 

Metodologija je bila validirana na osnovi dveh študij primerov žitnih silosov v sodelovanju z brazilskim 

agro-industrijskim gradbenim podjetjem. Prilagojeni sklopi lastnosti, ki vključujejo kode za strukturno 

razčlenitev stroškov (CBS), so bili integrirani v modele Tekla Structures, pri čemer je IDS validacija 

zagotavljala skladnost podatkov z zahtevami. Izdelani Python skripti z uporabo IfcOpenShell 

omogočajo določitev količin in povezavo elementov modela z bazo podatkov o stroških podjetja preko 

hierarhičnih algoritmov ujemanja. Rezultati kažejo pomembne izboljšave v primerjavi z ročnimi 

metodami, zmanjšan čas obdelave ob ohranjanju natančnosti ocene stroškov. Okvir uspešno premošča 

strukturno neujemanje med BIM klasifikacijami in organizacijami baz podatkov o stroških preko 

prilagodljivih preslikav CBS. Raziskava prispeva ponovljivo, na standardih temelječ za integracije 

stroškov na osnovi BIM z uporabo odprtih standardov in orodij, kar zagotavlja široko uporabnost. 

Ključne omejitve vključujejo odvisnost od kakovosti podatkov modela in potrebo po specifični 

konfiguraciji CBS izbranega podjetja. Predlagan okvir dokazuje, da avtomatizirani, validirani 

stroškovski delotoki z BIM izboljšujejo zanesljivost in učinkovitost ocene stroškov pri kompleksnih 

gradbenih projektih. 
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1 INTRODUCTION 

1.1 Research Context 

The construction industry plays a vital role in the economic growth and development of countries 

worldwide, contributing significantly to GDP, employment, and industrial progress [1], [2], [3]. Over 

the past two decades, construction projects have grown in scale and complexity [4], [5], [6], posing 

considerable challenges for project management and the integration of innovative practices [7]. The 

increasing complexity, driven by numerous interacting components, intricate interdependencies, and 

organizational dynamics [8], necessitates advanced management tools and techniques for efficient 

project execution and reliable outcome prediction [9]. These challenges are particularly evident in large-

scale infrastructure and agro-industrial projects, such as grain storage facilities and port terminals, where 

complex structural assemblies and high material demands amplify the risks of cost overruns. This 

context also reflects the operational reality of the industry partner in this research, providing a practical 

anchor for exploring BIM-to-cost integration. These challenges have led to heightened attention from 

both academia and industry on managing complexity in construction, with a focus on project complexity 

assessment, schedule performance, cost estimation, system integration, and risk management [4]. 

Building Information Modelling (BIM) has emerged as a transformative technology in the construction 

industry, offering digital representations that enhance project performance in terms of time, cost, and 

quality [10]. By enabling the digital representation of projects, including geometry, spatial relationships, 

and data attributes [11], [12], BIM addresses challenges associated with traditional construction 

approaches, such as poor communication and frequent reworks [13]. BIM is applied across various 

project stages, including project visualization, design improvement, clash detection, quantity take-off, 

and operation and maintenance [14], [15]. Despite challenges like software interoperability, BIM 

implementation continues to transform the construction industry, supporting the entire project lifecycle 

from pre-construction to post-construction [15], [16]. 

Cost overruns and delays remain significant challenges in the construction industry, adversely affecting 

project success and economic growth. These issues often arise from inadequate planning, poor 

communication, changes in project scope, and labour shortages. Additional contributing factors include 

delays in design document preparation, material delivery problems, and insufficient budget [17], [18]. 

To mitigate these problems, researchers recommend stakeholder involvement in planning, the use of 

project management tools, effective change management processes, and accurate cost estimates with 

contingency funds [17]. Research indicates that errors in contract documents, design complexity, and 

inadequate QTO are major contributors to construction waste [19], directly impacting overall project 

costs and financial outcomes. 
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The full potential of BIM in cost management remains unrealized due to persistent technical barriers. A 

primary issue is the lack of standardization in data formats and exchange protocols, hindering seamless 

data transfer between BIM software and cost estimation tools [20] . This often leads to manual data 

input and the potential for errors, undermining the accuracy and efficiency gains that BIM promises 

[21]. Furthermore, the complexity of BIM models and the variability in the level of information need 

(LOIN), the degree of detail required at different project stages, can complicate the extraction of relevant 

cost data [12]. These inefficiencies reduce the precision of cost estimates and undermine the effective 

use of BIM in supporting investment decisions and financial planning in construction projects [22]. 

BIM-based cost estimation offers the potential for improved accuracy, efficiency, and collaboration 

throughout the project lifecycle [11]. However, the accuracy of cost estimates can be influenced by 

factors such as project information, team composition, client requirements, and contractual matters [13]. 

BIM provides platforms for integrated design processes and automated measurement, offering a way to 

overcome the limitations of traditional CAD and manual processes. Integrating BIM with 

comprehensive cost estimation systems enables the visualization of actual costs against budgeted 

amounts, facilitating corrective actions and supporting value-adding activities [13]. 

Traditional quantity take-off workflows in complex infrastructure projects, particularly in agro-

industrial construction involving grain storage facilities, warehouses, and port terminals, such as those 

developed by the industry partner in this study, continue to rely on manual measurement from 2D 

drawings and spreadsheet-based calculations. These methods are time-intensive, prone to human error, 

and disconnected from design iteration cycles, limiting their effectiveness for early-stage investment 

evaluation when design optimization opportunities remain most viable. 

This research develops an integrated framework for automated quantity take-off that connects 

standardized BIM data validation with structured cost databases. By addressing current barriers to BIM-

to-cost integration, the study seeks to enhance the reliability of early-stage investment evaluation. The 

agro-industrial sector, where precise material quantification directly influences project feasibility, 

provides a practical context for testing and refining this approach. 

1.2 Research Problem 

Despite significant progress in BIM adoption, current practices in cost estimation remain fragmented 

and only partially automated. Most workflows still depend on manual interventions to align BIM 

quantities with cost databases, clean inconsistent property definitions, or update classification systems. 

These interruptions reduce the traceability and efficiency of BIM-to-cost integration, particularly in 

projects that require high levels of accuracy during early design. 
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A central challenge lies in the mismatch between how BIM models structure information (objects such 

as IfcWall or IfcSlab with associated quantities) and how cost systems organize data (work packages, 

trades, or activity-based codes). This disconnect complicates the mapping of model elements into cost 

items, often requiring decomposition of a single BIM object into multiple construction resources (e.g., 

formwork, reinforcement, and concrete pour for a single wall). 

Although standards such as the Industry Foundation Classes (IFC) and Information Delivery 

Specification (IDS) provide a foundation for consistent data exchange and validation, their application 

to cost estimation remains underdeveloped. Existing studies have demonstrated their use primarily for 

4D scheduling and coordination, while cost-specific attributes, such as unit prices, cost codes, and 

investment parameters, have received little attention. As a result, automated links between validated 

BIM data and structured cost information are not yet established in practice. 

This research was conducted in collaboration with an industry partner operating in the Brazilian agro-

industrial sector, which specializes in grain storage facilities, port terminals, and related infrastructure. 

While the company has established a BIM department, significant gaps remain in integrating modelling 

outputs with cost estimation workflows, exemplifying widespread challenges across the industry. 

These limitations are particularly critical in agro-industrial projects, where material quantities directly 

influence investment feasibility. Without reliable, automated, and standardized workflows, early-stage 

decisions risk being based on incomplete or inconsistent information, limiting both accuracy and 

scalability. 

1.3 Research Questions and Objectives 

Building on the identified gaps between BIM data structures and cost estimation requirements, this 

research addresses the following questions. 

What information requirements and validation mechanisms are essential for reliable BIM-based 

cost estimation? 

This question examines the foundational data standards needed to ensure that model-based quantities 

can be trusted for cost estimation. To address this, the research pursues two objectives: 

− Objective 1: Develop a standardized information requirements framework using Information 

Delivery Specification (IDS) standards that defines, validates, and maintains cost-relevant data 

within BIM models aligned with Cost Breakdown Structure (CBS) coding systems. 

− Objective 2: Assess interoperability and standardization challenges by identifying and 

addressing data exchange issues between BIM authoring tools and cost estimation platforms, 
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focusing on IFC standard compliance and property set consistency for reliable automated 

processing. 

How can validated BIM data be automatically extracted and integrated with existing cost 

databases to support investment decision-making? 

This question focuses on the technical implementation of automated workflows that connect model 

geometry with cost information. The research addresses this through: 

− Objective 3: Implement automated quantity extraction methodology that enables CBS-based 

quantity extraction directly from validated IFC models using Python/IfcOpenShell, eliminating 

manual measurement and calculation processes. 

− Objective 4: Integrate model-derived quantities with structured cost databases by creating 

automated linkage between extracted geometric quantities and the industry partner’s DBCOM 

cost database for real-time cost calculation during early design phases. 

What are the organizational prerequisites and implementation requirements for successful 

framework adoption in industry practice? 

This question explores the practical conditions necessary for organizations to effectively implement 

BIM-based cost estimation. To answer this, the research: 

− Objective 5: Validate framework accuracy and efficiency by measuring automation 

performance against traditional manual methods, while maintaining reliability for investment 

decision-making. 

− Objective 6: Document implementation methodology that demonstrates how the proposed 

framework can be applied in broader industry contexts, while clarifying its limitations, 

organizational prerequisites, and change management requirements. 

These research questions and objectives are structured to progressively build from theoretical 

foundations (information requirements and standards) through technical implementation (automation 

and integration) to practical adoption (validation and transferability). By systematically addressing each 

question through associated objectives, the research seeks to demonstrate a reproducible and standards-

based pathway toward automated cost estimation in BIM. 

The framework responds both to industry-wide barriers in BIM-to-cost integration and to the specific 

needs of the industry partner operating in the Brazilian agro-industrial sector, where precise material 

quantification is critical to investment feasibility. The outcomes will support both academic 

understanding of BIM-enabled QTO and its practical application in complex construction projects. 
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1.4 Thesis Structure 

This thesis is organized into eight chapters that progressively build from theoretical foundations through 

practical implementation to empirical validation and future research directions. 

The introductory section establishes the research context within the construction industry’s ongoing 

digital transformation and the critical role of early-stage cost estimation in investment decision-making. 

It defines the research problem of disconnected BIM and cost estimation workflows, articulates six 

specific research objectives focused on developing an integrated framework using open standards, and 

outlines the scope boundaries limited to structural elements in agro-industrial projects.  

Literature Review first examines the role of early design decisions in investment evaluation, 

emphasizing why cost considerations must be embedded at the conceptual stage. It then analyses BIM’s 

contribution to cost estimation and financial planning, contrasts BIM-enabled processes with traditional 

quantity take-off workflows, and highlights integration challenges. The chapter provides a detailed 

assessment of BIM-based quantity take-off methods, including object-based quantity extraction, 

structured data exchange via IFC, model validation using MVD and IDS, and challenges in linking BIM-

to-cost databases. It also reviews recent advances in automation and AI for cost prediction, concluding 

with a synthesis of research gaps and opportunities.  

Research Methodology establishes the research approach employing case study. The chapter justifies 

the selection of IfcOpenShell-based automation, IDS validation protocols, and cost database integration 

as the optimal configuration to meet the research objectives. The methodology integrates technical 

validation with organizational assessment through process mapping and stakeholder engagement. 

Framework Development and Implementation translates the theoretical methodology into a practical 

application within the industry partner’s environment. It introduces the industry partner and silo case 

study, specifying project requirements and organizational constraints. The chapter details the 

implementation architecture linking Tekla Structures to Python-based extraction and database 

integration, presents the IFC export configuration and custom property set development, and 

demonstrates IDS validation procedures and automated quantity extraction algorithms. This chapter 

demonstrates how methodological principles were operationalized in a real-world setting. 

Next chapter, Results, present the outcomes of framework implementation across both case studies. The 

chapter presents IDS validation, compares automated versus manual quantity take-off accuracy, 

analyses workflow transformation through AS-IS/TO-BE mapping revealing significant efficiency 

gains, and documents stakeholder feedback confirming technical feasibility. 

Discussion synthesizes empirical findings and explores their broader implications. It analyses 

stakeholder perspectives revealing strong support tempered by change management concerns, evaluates 
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framework transferability across different organizational and project contexts, examines strategic 

implications for construction industry transformation, and acknowledges implementation limitations 

including software dependencies and organizational prerequisites. 

The conclusion chapter consolidates research achievements and their significance for construction 

practice. The chapter confirms successful achievement of all six research objectives, validates the 

framework’s effectiveness in addressing identified industry challenges, emphasizes the critical role of 

organizational readiness and change management, and positions the framework as both operational tool 

and strategic enabler of digital transformation. Finally, it identifies opportunities for advancing the 

framework. 

The thesis structure reflects a logical progression from problem identification through solution 

development to validation and future development, maintaining clear connections between theoretical 

foundations, practical implementation, and empirical evidence throughout. 
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2 LITERATURE REVIEW 

2.1 Strategic Importance of Early Cost Estimation in Investment Evaluation 

Early design decisions have a decisive influence on a project’s lifecycle performance and financial 

viability. During this phase, choices about scope, functionality, and performance determine the 

trajectory of investment outcomes [23], [24]. Accurate cost estimates at this stage support feasibility 

analysis, budget allocation, and economic comparison of design options [23], [24]. Conventional 

estimation methods, by contrast, often suffer from high error margins and low reliability due to limited 

project information available early on [24]. To address this, researchers have developed conceptual 

frameworks and risk-based models aimed at improving accuracy and supporting informed decision-

making in the early stages of project planning [25], [26]. 

Importantly, lifecycle cost modelling reveals that decisions made during programming and initial design 

can account for up to 80 % of a project’s eventual operational costs, driven by spatial planning, structural 

systems, mechanical installations, and material selection [27]. This aligns with broader research into 

early cost drivers such as design complexity, functional choices, material specifications, and site 

constraints, which collectively influence investment outcomes even before construction begins [28]. 

BIM‑based preliminary estimation methods can achieve average error rates around 5%, exceeding 

industry benchmarks, thereby enabling rapid and reliable economic review of design alternatives [24]. 

A model‑based design approach facilitates rapid evaluation of emergent design alternatives and their 

expected performance [29]. 

From an investment perspective, early-stage cost estimation directly influences financial feasibility 

indicators, such as Net Present Value (NPV), Internal Rate of Return (IRR), and payback periods. These 

indicators are sensitive to initial capital expenditures, operational costs, and timing assumptions, all of 

which are influenced by early design choices. When early estimates are inaccurate, financial indicators 

may misrepresent the project’s viability, leading to poor investment decisions [30]. While this study 

does not model these indicators, it acknowledges that their reliability depends on the accuracy of capital 

expenditure forecasts set during early design. This reinforces the need for more precise, data-driven 

estimates at the outset of the project. 

This emphasis on early decision-making is visually reinforced in the MacLeamy Curve (Figure 1), 

introduced by architect Patrick MacLeamy and highlighted in the 2004 CURT white paper [31]. In 

traditional delivery methods, most of the design effort occurs in later stages of project delivery, during 

construction documentation. By then, the cost of design changes escalates, and opportunities for 

optimization become increasingly constrained [32]. The curve illustrates that the ability to influence 

project outcomes is greatest at the beginning of the design process, while the cost of making changes 

increases dramatically as the project advances toward construction and operation. This early engagement 
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strategy, also referred to as Integrated Project Delivery (IPD), enables more strategic planning, effective 

risk mitigation and cost control, all of which contribute to a more reliable investment evaluation [31]. 

The MacLeamy Curve visualises two tightly coupled phenomena relevant to cost estimation: (1) the 

declining ability to influence project outcomes as the project progresses, and (2) the rising cost of 

changes later in the lifecycle. For cost estimation this means that decisions made during conceptual and 

schematic design disproportionately determine final expenditure – late design changes translate into 

expensive rework and upward budget pressure. Consequently, shifting effort and decision-making 

earlier (leftwards on the Curve) amplifies the opportunity to explore lower-cost design alternatives, 

capture accurate quantities, and lock in more reliable cost assumptions. BIM enables this shift by making 

geometry, quantities and metadata available earlier and more consistently, which reduces uncertainty 

when generating early estimates and thereby lowers the risk that financial indicators will be biased by 

late surprises. 

 

Figure 1. The MacLeamy Curve: relative ability to influence cost vs. cost of change across project stages. 

Adapted from [33] 

Building Information Modelling (BIM) reinforces this strategic shift by supporting structured, data-

driven design from day one. It enables capacity to integrate geometric data, classification systems, and 

cost parameters, allowings teams to simulate and evaluate design alternatives before construction 

begins. Through digital prototyping and automated quantity take-off (QTO), BIM enhances the accuracy 

of material quantity estimation and scope definition, essential for cost estimation and informed 

investment evaluation [34], [35]. 



9 

Goulart Weber, A. 2025. BIM-Enabled Cost Estimation: A Framework for Automated Quantity Extraction and Database Integration 

Master Thesis. Ljubljana, UL FGG, Second Cycle Master Study Programme Building Information Modelling - BIM A+ 

 

Additionally, BIM fosters collaborative work environments by enabling professionals from different 

disciplines to contribute to a unified, data-rich model. This integrated workflow supports value 

engineering, a structured methodology for maximizing project value by improving function and 

reducing cost without compromising performance [36]. It also improves project transparency, and 

allows for the consideration of lifecycle factors, such as maintenance and adaptability [37]. 

A key enabler of this process is the possibility of linking BIM elements to structured cost data. When 

model components are classified and tied to unit costs and quantity rules, reliable estimates can be 

produced automatically [32], [38]. This ensures traceability and allows for early-stage feedback on the 

financial viability of design alternatives [34]. 

Building upon these principles, this thesis aims to demonstrate how structured BIM data can be 

programmatically linked to cost information, using open standards such as Industry Foundation Classes 

(IFC). The objective is to illustrate that the early integration of QTO and cost data can improve design 

quality, cost control, and ultimately increase the reliability of investment assessments. While BIM-based 

early evaluation shows growing promise, many projects still rely on outdated methods based on 2D 

drawings, manual measurement and unconnected data sources. These conventional approaches offer 

limited integration with iterative design workflows, especially during early project phases. To justify 

the transition to model-based strategies, it is important to first examine how cost estimation and QTO 

have traditionally been conducted. 

2.2 Traditional Cost Estimation: Methods, Limitations and Accuracy 

Traditional cost estimation in the construction industry has long relied on manual quantity take-off 

(QTO) and spreadsheet cost plans (e.g., Excel). These methods have historically served as the foundation 

for project budgeting and procurement, providing the necessary data for financial planning and 

contractual pricing. However, their limitations are increasingly recognized: they are often fragmented, 

static and subject to error, especially in the context of complex and dynamic projects [39]. 

In manual workflows, estimators extract quantities from static 2D documentation and input them into 

disconnected tools. While tools like Excel allow for structured calculations, they are not linked to design 

models or material specifications. Cost data is exchanged through non-machine-readable formats, such 

as Excel spreadsheets or PDF documents, which limits interoperability and efficiency. This lack of 

integration compromises data consistency and traceability across disciplines. Design revisions require 

manual updates, causing delays and increasing the risk of errors. As a result, cost planning becomes 

reactive, limiting early design decisions, when financial impact is most significant [22], [40]. Without 

real-time feedback, there is a risk of locking in unaffordable solutions or facing major redesigns later in 

the process. 
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To address issues of inconsistency and subjectivity in traditional cost planning, professional institutions 

have developed structured measurement standards. Notably, the Royal Institution of Chartered 

Surveyors (RICS) introduced the New Rules of Measurement (NRM) to guide consistent quantity 

measurement and cost classification across project phases. NRM (NRM1: order-of-cost and cost 

planning; NRM2: detailed measurement; NRM3: maintenance and lifecycle costs) provides a common 

measurement language and elemental breakdowns that are especially useful in early cost planning [41]. 

However, despite offering a common measurement language, these standards still rely on manual 

interpretation of outputs and lack integration with the real-time data environments enabled by Building 

Information Modelling (BIM). For model-based workflows, NRM’s structure must therefore be mapped 

to model classifications and exchange schemas (e.g., IFC/IDS) to unlock automated QTO and traceable 

cost plans.  

It is already possible to observe the performance gap between traditional and model-based approaches. 

Ghareeb et al. [39] reported that Revit-based 5D BIM tools improved project timelines by 50%, 

enhanced shop drawing review quality by 60%, increased productivity by 25%, and led to 11% more 

accurate cost estimates. These results highlight the significant performance gap between static 

estimation methods and integrated, real-time cost feedback systems.  

These limitations highlight the urgent need to transition toward automated, BIM-based systems that 

support real-time cost updates and can integrate with evolving design information. As construction 

projects become more complex and financially constrained, model-driven estimation can increase 

transparency, reduce error margins, and enhance early decision-making, especially when linking 

intelligent 3D models and dynamic cost data [22]. The shortcomings of manual, document-centric 

methods underline the need for model-based workflows that produce consistent, machine-readable 

quantities. The following section describes how BIM provides the technical platform to deliver those 

capabilities. 

2.3 BIM as a Platform for Integrated Cost Management 

Building Information Modelling (BIM) integration into design and construction workflows has 

fundamentally transformed cost estimation and investment planning approaches. Traditional methods 

based on 2D documentation and disconnected spreadsheets are often reactive, error-prone, and 

inefficient. BIM provides data-rich, three-dimensional project representation enabling real-time 

collaboration, information sharing, and cross-disciplinary decision-making. This enables embedding 

cost intelligence directly into design processes, supporting strategic early-stage financial assessment and 

resource planning. 

BIM’s cost estimation and investment planning capabilities stem from unifying design, material, 

schedule, and cost information within single digital environments. With appropriate modelling practices 
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and standards, BIM enables automatic quantity extraction linked to unit prices, scheduling data, and 

financial indicators (NPV, IRR). This transforms cost estimation from static exercises into dynamic, 

iterative tools for evaluating design alternatives and optimizing investment outcomes. 

Several BIM use cases support this transformation as central pillars in model-based cost workflows. 

Succar [37] clusters BIM activities under three interdependent fields: Technology, Process, and Policy. 

This thesis explores use cases spanning these fields, from technology-driven QTO and cost analysis to 

policy-driven IDS validation. The following key use cases form the foundation of the proposed 

methodological framework. 

Quantity Take-off (QTO) forms the foundation of BIM-based cost estimation workflows, enabling 

automated extraction of material and labour quantities directly from BIM models. Unlike manual 

methods, susceptible to human error and requiring significant time investment, BIM-based QTO ensures 

consistent, accurate, and traceable measurements. In the context of this research, QTO enables early-

stage cost estimation by transforming 3D geometry into quantifiable construction elements.  Structuring 

model components according to standardized classification systems (Uniformat, national cost codes, 

internal structures) enables direct quantity mapping to cost databases, improving cross-platform 

comparability and stakeholder interoperability. QTO automation enables instantaneous cost feedback—

as models evolve, quantities refresh automatically, enabling live tracking of scope changes and financial 

implications. This is particularly valuable during early design phases when rapid iteration maximizes 

impact. 

Cost Analysis (CA) builds upon QTO data by associating quantities with cost variables: unit prices, 

labour rates, equipment costs, overheads, and inflation indices. CA represents design financial 

interpretation, enabling stakeholders to explore cost implications of different design options and 

construction strategies. This thesis positions CA as the mechanism integrating model-derived quantities 

with external cost databases: company price lists, RSMeans, or national systems like SINAPI (Brazilian 

National System of Costs Survey and Indexes of Construction). CA provides entry points for predictive 

and adaptive cost modelling, including rule-based logic to simulate market fluctuations, material 

substitutions, or regulatory changes. Rather than producing static reports, this approach enables cost 

estimation to function as strategic design tools, supporting continuous financial evaluation and enabling 

early interventions that reduce risk and increase value. 

The quality and structure of the BIM model itself, geometry, metadata, and classification, are 

fundamental for effective QTO and CA. Design Authoring and Briefing (DAB) ensures models support 

downstream data usage: information embedded in models can be reliably reused in later stages including 

cost estimation, budgeting, and investment assessment. This involves standardized naming conventions, 
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correctly classified elements (IfcWall, IfcSlab, IfcWindow), and consistent inclusion of cost-relevant 

properties: dimensions, materials, and construction types. 

This thesis positions DAB as a foundational workflow layer. Well-authored models guarantee QTO and 

CA tools function with minimal manual intervention, enhancing speed and consistency. DAB supports 

interoperability with external tools and databases through open standards (IFC) and enables validation 

against standardized frameworks (IDS, MVD), as discussed in section 2.4. 

5D BIM represents convergence of design (3D), scheduling (4D), and cost (5D) information into 

coherent digital environments, bringing together geometric, temporal, and financial information 

enabling real-time cost simulation over time. 5D BIM supports cash flow analysis and budget 

forecasting. By linking model elements to QTO and cost parameters, 5D BIM enables scenario-based 

comparisons across design options while facilitating inclusion of time-sensitive variables: procurement 

schedules, inflation, and labour availability. This time-cost integration aligns cost estimation with 

strategic financial planning, particularly for investment decisions involving staged construction, funding 

cycles, or performance-based milestones. 

These BIM use cases contribute to layered, integrated approaches to construction cost estimation and 

investment assessment, providing foundations for thesis objectives: automating material quantity 

extraction, linking model data with cost databases, and enabling dynamic price updates. 

Operationalizing these use cases requires structured, validated, and interoperable BIM models through 

open data standards and model validation protocols ensuring accuracy, completeness, and consistency 

of cost-related data. While BIM supplies the data structures and tools required for early estimation, 

standards and exchange schemas determine whether that data can be used reliably across tools and 

organisations. Section 2.4 therefore examines IFC, MVD, IDS and related concepts that make automated 

QTO interoperable and auditable. 

2.4 Standards and Frameworks for Automated Quantity Take-off (QTO) 

BIM use cases provide the conceptual and operational foundation for model-based cost estimation. 

However, converting these capabilities into repeatable, automated workflows depends on three technical 

preconditions: well-structured model data, standardised classification schemes, and machine-readable 

validation frameworks. Succar [37] describes BIM data interchange as the structured, computable 

transfer of model information between software platforms. In practice, this interchange is realised 

through openBIM standards and by specifying appropriate Levels of Information Need. Those standards 

are therefore the enablers that allow model-derived quantities to be trusted, mapped to cost 

classifications, and consumed automatically by cost systems. 
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Standards developed by buildingSMART such as IFC, Model View Definitions (MVD), and 

Information Delivery Specifications (IDS), form the technical foundation of reliable quantity take-off 

[12]. 

2.4.1 Industry Foundation Classes (IFC) for Cost Data Exchange 

The Industry Foundation Classes (IFC) schema (ISO 16739-1:2024), maintained by buildingSMART, 

constitutes the only vendor-neutral, ISO-standardized framework capable of representing building 

elements, their attributes, and quantities in a consistent, machine-readable format across heterogeneous 

software platforms. This object-oriented data model organizes spatial elements (IfcSite, IfcBuilding), 

physical components (IfcWall, IfcSlab), materials, quantities, and classifications into interconnected 

entities that facilitate automated quantity take-off processes. [12]. 

The centrality of IFC to automated QTO lies in its standardized mechanism for associating measurable 

quantities with elements, as illustrated in the IfcPile diagram (Figure 2). Here, an element (e.g., IfcPile) 

connects via IfcRelDefinesByProperties to an IfcElementQuantity container, which in turn holds 

attributes such as IfcQuantityLength (Length for piles), IfcQuantityArea (NetArea for finishes), or 

IfcQuantityVolume (NetVolume for concrete works). This schema provides the essential quantity data 

required for material calculations. Without it, QTO processes would remain dependent on proprietary 

APIs or manual extraction methods, fundamentally undermining interoperability objectives. Empirical 

evidence supports this assertion. Akanbi and Zhang [43] demonstrated that IFC-based algorithms may 

vary in robustness but still achieve reliable computational results when property sets maintain consistent 

population standards. 

 

Figure 2. IFC Schema Excerpt showing IfcPile, adapted from [44] 
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However, the effectiveness of IFC-based cost integration remains dependent upon consistent authoring 

practices across project teams. Inconsistent property definitions, particularly the absence of accurate 

volume definitions or standardized units in structural elements, continue to compromise automated QTO 

reliability [43], [45]. This limitation highlights the necessity for comprehensive data validation 

frameworks to ensure model quality before cost extraction processes. 

2.4.2 Model View Definitions (MVD) and Information Filtering 

Model View Definitions (MVD) are standardized subsets of the full IFC schema, designed for specific 

use cases. For cost estimation, MVDs define required object types and properties for downstream 

compatibility. For example, a cost-oriented MVD may require all walls to include material definitions, 

surface areas, and classification codes, while slabs require volumetric data. MVDs filter relevant 

information, facilitating interoperability and model exchange clarity. 

MVDs serve as a data filtering tool, specifying only objects, properties, and relationships required for 

given use cases [12]. For example, Coordination View (CV) supports clash detection across architectural 

and structural models, while Reference View (RV) filters data for model validation and quantity 

extraction. 

However, MVDs lack mechanisms to verify IFC model conformance. Information Delivery 

Specification (IDS) addresses this gap by providing machine-readable formats (XML/JSON) that 

operationalize MVD rules. IDS specifies required entities (IfcWall, IfcSlab), properties (NetVolume, 

Material, CostCode), and formatting requirements, enabling model-checking tools to validate IFC files 

for specific purposes. 

MVD and IDS integration creates robust frameworks for ensuring data quality and consistency across 

platforms. Once validated through an IDS, IFC models enable reliable automated QTO and cost 

estimation. 

2.4.3 Information Delivery Specification (IDS) for Data Validation 

The Information Delivery Specification (IDS), developed by buildingSMART, is a standard that defines 

model requirements for IFC files in structured, computer-readable formats. While MVD specifies what 

data is relevant, IDS ensures whether that data exists and conforms to rules. Unlike static documentation 

(PDFs, spreadsheets), IDS specifies required information, formats, and project stages, improving 

communication and reducing misinterpretation while facilitating BIM workflow automation [12]. IDS 

files are typically expressed in XML or JSON and can be validated using rule-checking tools such as 

BIMcollab Zoom, Solibri, or usBIM. The integration of IFC with validation protocols such as IDS 

supports Succar’s [46] vision of transitioning from object-based modelling to model-based 
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collaboration, paving the way for cross-disciplinary automation in cost estimation. While IDS provides 

structured validation capabilities, current implementations lack cost-specific validation rules, limiting 

its application in integrated cost workflows. For cost estimation, IDS can specify: 

− Required IFC entities (IfcWall, IfcSlab) 

− Expected properties (NetVolume, Material, CostCode) 

− Classification formats and delivery stage [47] 

IDS contributes to the standardization of QTO data capture and communication, by defining mandatory 

entities, properties and classifications in structured formats [12]. However, according to recent 

evaluations [48], its role in ensuring reliability is more limited than what is often assumed: IDS can 

validate the presence and formatting of properties information but it cannot guarantee that they are 

contextually relevant or that the level of information is compatible with the needs of the framework.  

Nevertheless, practical demonstrations show its potential. Santos (2025) successfully demonstrated IDS 

application for 4D planning using grain silo projects, validating custom IDS definitions via usBIM 

before execution simulation. While focused on temporal scheduling, the same structured validation 

principles are relevant to cost estimation workflows, particularly regarding Structure (WBS) code 

consistency. Santos used custom Property Sets (Psets) embedding WBS codes linked to scheduling 

elements, enabling automation of simulation. Similarly, cost estimation can map these codes to cost 

database items, enabling bidirectional traceability between design objects and investment logic. This 

reinforces that data standardization is a prerequisite for reliable automation. 

In cost estimation, IDS validation of model attributes (quantities, classifications and unit mapping) at 

early design phases provides a base for downstream applications such as QTO, scheduling and financial 

planning [45]. In this research, IDS is implemented as pre-processing before automated cost extraction, 

ensuring cost-related properties are embedded and verifiable at the model level. 

2.4.4 Level of Information Need (LOIN) for staged modelling 

Cost estimation requires model content that complies with appropriate Level of Information Need 

(LOIN), a concept formalized by ISO 7817-1:2024. In practice, LOIN is composed of two elements: 

Level of Geometry (LOG) and Level of Information (LOI). LOG specifies the graphical detail of the 

object (e.g., at early design a wall may be represented as a simple extrusion, whereas in detailed design 

it includes wall layers, openings, and junctions). LOI defines the associated non-graphical data (e.g., 

material class, fire rating, or cost code). Together, LOG and LOI enable a structured progression of 

information that supports reliable QTO and cost estimation at each stage [12]. During early design 

phases, this ensures adequate detail for cost planning without unnecessary complexity. 
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Having established the role of IFC, MVD, IDS and LOIN as technical enablers of automated QTO, the 

discussion now turns to the organisational, contractual and process changes required to operationalise 

these standards in practice. Section 2.5 addresses readiness, governance and implementation pathways. 

2.5 Change Management in BIM Adoption 

BIM adoption is best understood as a structured organisational transformation: it requires simultaneous 

shifts in technology, process and governance rather than isolated software deployment. The following 

subsections outline a practical change-management approach for embedding standards-based, model-

driven cost workflows into practice:  emphasising maturity assessment, process mapping, and 

contractual enforcement of information requirements. 

2.5.1 BIM Maturity and Organizational Readiness 

Succar [36] frames BIM adoption as a staged maturity process in which technology, process and policy 

(TPP framework) evolve incrementally rather than through a single leap (Figure 3Figure 1). 

Complementary guidance [12] emphasises that openBIM practices depend on interoperable standards 

so that model data remain reusable and long-lived. Moving from the current (AS-IS) to the desired (TO-

BE) state therefore requires a deliberate change programme that escalates organisational capability from 

basic tool use to systematic, integrated delivery. 

 

Figure 3. Technology–Process–Policy (TPP) framework [37] 
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Maturity models and capability stages provide an actionable roadmap for this transformation. Succar 

describes progress as a sequence of discrete “BIM Steps”—small, verifiable prerequisites or deliverables 

that together raise capability. Practically, this helps an organisation benchmark its position (for example: 

an intermediate adopter may have robust modelling tools but still depend on 2D drawings and manual 

quantity take-off) and identify focused improvements in interoperability and data governance that enable 

Stage-2 or Stage-3 outcomes. 

ISO 19650 complements maturity models by embedding readiness checks into project planning: 

appointing parties are expected to verify capability and capacity as part of information management 

[50]. In operational terms, readiness assessments should therefore consider at least three dimensions: 

− technical capability (software, exporter behaviour, IFC authoring standards) 

− process capability (agreed workflows, QA/QC gates, and validation routines) 

− governance and resourcing (roles, contractual information requirements, training and ownership) 

A practical set of indicators, such as validated IFC export compatibility, mandatory Psets in templates, 

proportion of staff trained on validation tools, number of IDS checks implemented, and a named model-

owner, translates high-level readiness into measurable targets. Mapping these dimensions yields a clear 

implementation roadmap that identifies quick wins (e.g., standardising classification codes) and 

medium-term investments (e.g., IDS rule development and automation pipelines). 

2.5.2 Process Mapping and AS-IS/TO-BE Transition 

Effective change requires making the transformation visible and process mapping is an excellent tool to 

illustrate the improved BIM-enabled process. Documenting current workflows (AS-IS) and contrasting 

them with desired, BIM-enabled workflows (TO-BE) helps stakeholders see precisely how roles, inputs 

and outputs change. 

According to Succar [47], the disruptive changes at each BIM stage “are transformational and cannot 

be implemented without traversing incremental evolutionary steps”. Process mapping explicitly 

documents these steps. In practice, AS-IS maps capture the current state while TO-BE maps illustrate 

the improved BIM-enabled process. 

Breaking the transition into discrete, staged deliverables reduces disruption and enables iterative 

learning. It also helps organizations visualize changes and identify inefficiencies. Moreover, mapping 

serves as a communication medium: it aligns by making explicit how their roles and tasks will change. 

Each stage should include measurable acceptance criteria, training plans, and a short feedback loop for 

continuous improvement.  
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2.5.3  Standards and Data Validation in Change Management 

Section 2.4 established IFC, MVD, and IDS as the technical enablers of automated QTO. Within change 

management, their value lies not simply in their existence as standards, but in how organisations 

implement them to ensure data maturity and automation readiness. IDS in particular plays a pivotal role: 

by requiring specific entities, properties, and formats to be present in IFC models, IDS transforms 

abstract requirements into machine-readable rules that can be validated automatically. This secures data 

quality before QTO, instils confidence in automation, and turns validated models into a “single source 

of truth” for cost planning [12]. 

To be effective, however, IDS must not remain a purely technical artefact. It must be embedded into 

procurement and governance documentation, particularly the Employer’s Information Requirements 

(EIR). Embedding IDS in the EIR converts information rules into contractual obligations, specifying 

which profiles apply at each stage, how validation will be performed, which checks are mandatory, and 

what remedial steps follow non-conformance. Contract language should identify IDS files or rule 

packages, validation tools and acceptance thresholds, submission timelines, and commercial 

consequences. This ensures machine-readable deliverables become enforceable, clarifies responsibility 

for model quality, and aligns incentives with technical compliance and predictability of deliveries. 

2.5.4 Building Capability and Governance for Adoption 

Standards and contracts alone do not guarantee adoption, but people and governance do. Effective BIM 

change programmes must define new or revised roles (e.g., model manager, IDS owner, cost-mapping 

lead), identify skills gaps, and provide targeted training. Competency frameworks should be practical, 

directly linked to project responsibilities, and where possible include cross-disciplinary training that 

allows estimators and BIM modellers to build shared understanding. Mentoring, pilot projects, and short, 

task-focused workshops accelerate organisational learning and establish the foundation for sustained 

capability. 

Equally important are governance and incentives. Organisations must define clear acceptance criteria 

for model submissions, maintain validation records, and have defined procedures for managing 

exceptions and scope change. Compliance can be encouraged by linking model acceptance directly to 

project milestones or payments, making quality checks part of the normal delivery process. Continuous 

improvement is also essential: drawing on lessons from pilot projects to refine IDS rules, update 

processes, and revise training, ensure that improvements become part of routine practice, turning early 

adoption into long-term capability growth. 

Literature on BIM change management consistently emphasises that organisational readiness, standards-

based validation, and governance are preconditions for automation. Succar’s maturity and competency 
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framework, together with buildingSMART guidance [12], provide a roadmap for aligning technical 

innovation with change-management best practices. Once these organisational foundations are in place, 

practical questions remain about linking validated model data to cost systems. The following section 

(2.6) examines integration between IFC models and cost databases, cost breakdown structures, mapping 

logic, and the key interoperability challenges that must be solved to enable automated, reliable estimates. 

2.6 Cost Database Integration and Interoperability Challenges 

Effective BIM-based cost estimation requires alignment between model classifications The central 

challenge lies in reconciling the structural logic of BIM models, which organize data around geometric 

and material properties (IfcWall, IfcSlab), with cost databases, which are structured according to work 

categories, trades, or historical cost patterns. For example, a single wall element (IfcWall) may need to 

be decomposed into several cost activities (formwork, reinforcement, concrete placement, and finishing) 

each requiring distinct labour, materials, and equipment. 

A critical enabler of this integration is the establishment of consistent breakdown structures that connect 

design elements with cost information. Standards such as OmniClass (US), UniClass (UK), and 

MasterFormat provide formalized taxonomies for construction activities, but their direct use in BIM-to-

cost integration remains difficult due to scope variations, regional practices, and inconsistent software 

support [32], [51]. In practice, organizations often rely on customized Cost Breakdown Structures (CBS) 

aligned with proprietary databases, particularly in domains where standardized classification systems 

are insufficient. CBS design thus serves as a bridge between model-based QTO and cost aggregation, 

enabling IFC objects (e.g., IfcWall with material and volume attributes) to be systematically translated 

into structured cost categories. This mapping supports consistent unit price assignment, facilitates 

benchmarking, and enhances integration with financial and project control systems [52]. 

Despite its importance, CBS-based integration encounters several difficulties. Cost databases typically 

demand a higher level of granularity than preliminary BIM models provide, especially when detailed 

construction methods are undefined. This “granularity gap” requires intelligent mapping mechanisms 

capable of inferring construction methodology from limited model properties and contextual 

information. Furthermore, classification flexibility is needed, as identical elements may fall into 

different cost categories depending on methodology, regional standards, or project-specific constraints 

[53]. Traditional static classification systems struggle with such variability, underscoring the need for 

dynamic mapping logic. 

Additional interoperability issues include incomplete or inconsistently formatted model attributes, 

which propagate errors into automated cost workflows [54], and unit standardization problems across 

international projects. API-based integration solutions are increasingly used to enable direct data 

exchange between BIM platforms and cost databases, reducing manual input and human error. However, 
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these require significant configuration, translation layers for complex mapping rules, and ongoing 

maintenance. The effectiveness of such integration also varies regionally, as comprehensive 

standardized cost databases exist in mature markets (e.g., RSMeans in North America, BCIS in the UK) 

but are often lacking in emerging contexts, where hybrid manual-automated approaches remain 

necessary. 

Sustaining integration further demands interdisciplinary expertise spanning BIM modelling, database 

management, and cost estimation practices—skills that are rarely concentrated in a single organization. 

Smaller firms may struggle with the investment and maintenance burden, creating barriers to adoption 

[55]. Nonetheless, when successfully implemented, BIM-to-cost integration provides consistent cost 

feedback throughout design iterations, supports the reuse of historical data, and enables early investment 

evaluation. API-enabled systems combined with CBS-driven mappings represent a promising pathway, 

though the complexity of implementation still varies widely across software pairings and organizational 

contexts. 

2.7 Synthesis: Research Gaps and Opportunities 

Despite advances in BIM-based estimation, several gaps remain that limit the reliability and scalability 

of automated cost workflows. These can be grouped into three main categories: 

2.7.1 Technical Gaps 

Existing implementations of the Information Delivery Specification (IDS) have been predominantly 

tested in the context of scheduling (4D), with limited exploration of their applicability to cost-specific 

validation, such as unit prices, cost codes, and investment parameters. A major barrier to this extension 

is the structural mismatch between BIM models, which are typically organized around objects and their 

properties (e.g., IfcWall, IfcSlab), and cost databases, which are structured according to work packages, 

trades, or activities. This misalignment generates significant challenges, such as decomposing a single 

BIM element into multiple cost items (e.g., formwork, reinforcement, and concrete pour), while 

automation is further hindered by inconsistent property definitions, missing units, and the absence of 

standardized mappings across platforms. These limitations highlight the need for approaches that can 

mediate between BIM categorizations and external cost databases, enabling more flexible associations 

between model elements and multiple cost items, and ultimately supporting more reliable cost 

estimation outputs. 
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2.7.2 Methodological Gaps 

Current BIM-cost workflows remain partially manual, often requiring significant interventions to clean 

data, align classifications, and update cost items, which limits their scalability and efficiency. Existing 

research has tended to concentrate on specific components, such as quantity take-off (QTO) or 

scheduling, rather than advancing integrated workflows where validated model data can be consistently 

reused across cost estimation and related tasks. Moreover, widely available validation tools, such as 

usBIM and Solibri, face operational limitations—including restricted support for bulk property 

editing—that hinder efficiency and reduce their attractiveness for use in live projects. These 

shortcomings underscore the need for more robust and adaptable workflows that reduce manual 

intervention and facilitate the consistent transfer of validated information into cost-related processes. 

2.7.3 Strategic Gaps 

Dynamic market factors, such as price fluctuations and regional variations, are rarely incorporated into 

BIM-driven estimation workflows, thereby limiting their applicability to real-world investment 

decision-making. In addition, few large-scale case studies have validated automated BIM–cost 

integration, particularly in domains such as infrastructure and agro-industrial projects, which raises 

questions about scalability and reliability in practice. Furthermore, industry awareness of IDS and its 

potential to enable validated cost workflows remains limited, pointing to a broader knowledge and 

training gap that continues to slow adoption. These issues highlight the opportunity for research and 

practice to develop more context-aware, scalable, and widely disseminated approaches to BIM-based 

cost estimation.  

2.7.4 Opportunities 

Taken together, these gaps emphasize the limited maturity of current BIM–cost integration practices and 

the need for approaches that ensure consistency, automation, and scalability. The lack of alignment 

between BIM model structures and cost databases, the reliance on partially manual workflows, and the 

insufficient integration of dynamic market factors all highlight persistent barriers to achieving reliable 

and widely applicable cost estimation. Moreover, limited industrial case studies, operational constraints 

in validation platforms, and low industry awareness of IDS further hinder adoption. These challenges 

present opportunities for research to advance more structured, validated, and context-aware BIM–cost 

workflows that bridge the gap between model information and decision-making processes, thereby 

supporting more robust applications in cost estimation and investment assessment. 
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3 RESEARCH METHODOLOGY 

3.1 Research Design and Case Study Selection 

This research is framed by a pragmatic approach focusing on testing an integrated BIM-to-cost 

estimation framework within real industry conditions. The proposed framework integrates four core 

components: IFC-based structural modelling, Information Delivery Specification (IDS) validation, 

automated quantity take-off via Python/IfcOpenShell scripts, and cost database integration with the 

industry partner’s proprietary cost management system, which is developed in Excel. This approach 

enables systematic testing of each framework component, from IDS validation through automated 

quantity extraction to cost integration, using actual project data, industry-standard modelling practices, 

and established cost estimation procedures. The validation scope focuses on two main elements: the 

technical feasibility of linking each step of the framework and the accuracy of the outputs, to connect 

the company’s cost estimation workflow to their BIM models. 

This study employs a multiple-case study, analysing two Silos of similar function but different 

dimensions. While previous research has demonstrated that single-case studies can effectively validate 

BIM-based cost frameworks, particularly in projects with sufficient complexity to test automated 

quantity extraction algorithms and cost database integration mechanisms [47], a multiple-case design 

enhances the robustness of the findings. The use of replication logic reinforces the validity of the 

approach, as results that consistently appear in both cases are more likely to reflect underlying principles 

rather than isolated project conditions. The preliminary design phase of the selected projects provides 

complete three-dimensional structural documentation, as well as access to established cost databases 

and historical pricing information from the industry partner. This data completeness enables systematic 

validation of automated cost estimation accuracy against traditional manual methods, supporting 

quantitative performance analysis across multiple accuracy metrics. 

The industry partner’s role is to provide the case data (BIM models, cost database, and project records) 

and to contextualize the results. The organization currently operates at limited BIM maturity with 

workflows heavily dependent on manual quantity take-off from 2D drawings, creating substantial 

opportunities for automation validation. Their commercial team faces documented challenges including 

time-consuming manual calculations, data inaccuracy, data duplication, and verification difficulties: 

precisely the problems that BIM-based cost frameworks are designed to address. 

The industry partnership also enables realistic testing of framework integration with existing company 

systems and validation of practical implementation feasibility. Unlike previous research focused on 

planning validation (Santos, 2025), this study specifically targets the cost estimation challenges inherent 

in complex structural assemblies where manual quantity extraction is both time-intensive and error-

prone. 
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The research employs a multiple-case study design that comprises two different projects of vertical grain 

silos. Grain storage infrastructure represents a significant capital investment category within Brazil’s 

agro-industrial sector, where accurate early-stage cost estimation directly impacts investment decision-

making and project viability assessment. The structural characteristics of grain silos (repetitive 

geometric patterns, specialized materials, and strict performance requirements) create representative 

validation conditions for industrial infrastructure projects. 

The project enables end-to-end testing of the proposed IDS-IFC-Python workflow, from information 

requirements definition through automated cost calculation and investment analysis. It evaluates 

whether using Information Delivery Specification (IDS) can improve cost estimation accuracy and 

reduce manual processing time. This scope reflects established practices in BIM cost estimation research 

where technical proof-of-concept validation precedes broader implementation studies. Recent research 

demonstrates that such focused technical validation can achieve industry-standard accuracy levels while 

establishing foundation for subsequent organizational implementation [24]. Building on this research 

design and case study context, the following section introduces the integrated framework that 

operationalizes these concepts into a structured workflow. 

3.2 Proposed Integrated Framework Overview 

The proposed framework establishes a structured workflow for BIM-based cost estimation and 

investment evaluation. It combines open standards (IFC, IDS, RICS NRM) with custom 

Python/IfcOpenShell scripts, ensuring both interoperability and adaptability to industry practice. 

The process begins with IFC exports from Tekla Structures, which are checked against predefined IDS 

requirements. Non-compliant elements are iteratively corrected until validation is achieved. Only then 

are models advanced to the next step. 

Validated models undergo automated quantity take-off, where Python scripts extract geometric and 

material attributes and normalize them into SI units. A hierarchical Cost Breakdown Structure (CBS) 

guides this extraction, embedding classification codes and deterministic rules for derived quantities. 

Extracted quantities are then cross-referenced with the industry partner’s structured cost database 

through hierarchical matching. This enables automatic assignment of standardized unit prices to each 

CBS task. Where ambiguity exists, results are flagged for review to preserve completeness and 

reliability. 

The final outputs are cost estimates and structured reports, benchmarked against manual estimations and 

historical project data. This enables quantitative assessment of accuracy, efficiency, and consistency. 

The framework therefore operationalizes the research design by systematically linking information 

requirements, validated models, automated extraction, and cost integration, thereby providing coherent 
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and reliable input for downstream financial evaluation. The framework was implemented in stages that 

addressed specifics layer of the workflow from information requirements to validation and performance 

analysis. 

3.3 Implementation Phases 

The implementation of the proposed framework was structured in sequential phases. The process was 

designed to progressively define data requirements, develop and validate BIM models, automate 

quantity take-off procedures, and integrate the resulting outputs into cost estimation workflows. Each 

phase generated specific deliverables and systematically built upon the outcomes of preceding stages, 

thereby ensuring a coherent progression from information specification to investment evaluation. 

3.3.1 Phase 1: Information Requirements and Cost Structure Design 

Phase 1 establishes comprehensive data requirements and a cost breakdown structure to enable reliable, 

automated quantity extraction and cost integration with organizational databases. 

The foundation of the framework was built through stakeholder consultations with cost engineers and 

project managers. These discussions identified the attributes required for trustworthy quantity take-off 

and cost evaluation. The requirements were formalized into data quality standards, including mandatory 

properties, unit conventions, and validation criteria. 

Parallel to this, a hierarchical Cost Breakdown Structure (CBS) was designed and aligned with the 

company’s database. CBS development activities map existing organizational cost structures to IFC 

element types, defining hierarchical codes and quantity calculation rules for each category, supported 

by deterministic rules for derived quantities. 

To operationalize these requirements, an Information Delivery Specification (IDS) schema was 

developed in XML. The schema mapped CBS rules to IFC property sets and established automatic 

validation checks for completeness, formatting, and SI unit compliance. This ensured that subsequent 

models could be systematically verified for data quality before quantity extraction. 

The phase deliverables include structured information requirements, CBS hierarchy aligned with 

organizational cost database structure and IDS specification files. Risk mitigation addresses potential 

misalignment between CBS structure and actual cost database organization through early validation with 

subject matter experts and iterative refinement procedures. Once information requirements and cost 

structures were defined, the next phase focused on creating CBS-compliant models and validating them 

against IDS rules. 
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3.3.2 Phase 2: Integrated Modelling and Data Validation 

Phase 2 establishes the process of creating CBS-compliant BIM models enriched with cost-relevant 

properties and validating them against IDS-based rules. The aim is to prepare the models for automated 

and reliable quantity extraction. 

The structural system was modelled according to the CBS framework. Custom property sets embedded 

CBS codes directly into model elements during authoring, ensuring early consistency and traceability. 

Critical geometric and material attributes (e.g., volume, length, formwork area) were modelled to 

support accurate cost estimation. Models were then exported to IFC 4.0, with settings configured to 

preserve CBS classifications and cost-related properties. Initial checks in visualization software 

confirmed the completeness of expected attributes. 

This phase makes use of the Information Delivery Specification (IDS) framework to formalize and 

validate information requirements within IFC-based models. To address the lack of cost integration 

identified in existing 4D frameworks (Santos, 2025), this research extends the use of IDS to include 

cost-specific attributes. Operationalizing Information Delivery Specification (IDS) requirements, three 

progressive validation mechanisms were developed. These mechanisms move beyond the conventional 

use of IDS as a static XML specification, positioning it instead as a dynamic validation framework 

capable of supporting iterative model checking during case study implementation. 

First, a Structured XML Specification was constructed to encode the information requirements for 

critical structural entities, formalizing the expected property sets and attributes for the IFC entities. This 

followed the emerging buildingSMART IDS framework, ensuring rules were both machine-readable 

and aligned with industry practice (building). 

Second, an XML-Based Validator was implemented. It consists of a Python script developed to parse 

both the IDS XML and the IFC model. While platforms such as usBIM, Solibri, or dedicated IDS 

checker could be used for this purpose, a custom script was developed to ensure adaptability, 

reproducibility, and alignment with the research objectives. This script utilized IfcOpenShell for IFC 

data access and ElementTree for XML parsing. The output consisted of two reports: a validation log 

mapping missing attributes per element, and a requirements summary documenting entity-property 

dependency. This approach formalized a transparent and customizable method for IDS-compliant model 

checking. It ensured conformance to required attributes and flagged missing or inconsistent entries 

during validation. 

Third, a Dictionary-Based Validator was embedded directly into Python scripts. To complement the 

XML workflow, a parallel validator was implemented with IDS logic embedded directly in Python 

dictionaries. This version relied on IfcOpenShell for property set access, reducing dependency on 
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external schema parsing. It preserved the same outputs (validation log and requirements summary) while 

enabling rapid adjustments during iterative testing. The dictionary-based validator thus acted both as a 

flexible prototyping tool and as a double-check to reinforce the XML-based validation. 

The exported IFC models underwent IDS validation, which flagged non-conformities such as missing 

CBS codes or incorrect formatting. An iterative correction loop was implemented; whereby flagged 

issues were resolved at source in the BIM model and re-exported until full compliance was achieved. 

The outcome was a fully validated IFC model enriched with CBS codes and cost-relevant attributes. 

With validated models in place, the process advanced to automated quantity extraction and cost database 

integration. 

3.3.3 Phase 3: Automated Quantity Extraction and Cost Integration 

Phase 3 develops and implements automated systems for CBS-organized quantity extraction and cost 

database integration. 

A Python script utilizing IfcOpenShell was developed to parse validated IFC files. The script normalized 

property values into SI units and classified each element according to CBS categories using hierarchical 

matching. Deterministic rules were applied to compute derived quantities such as rebar estimations, 

cable weights, and excavation volumes. 

Extracted results were grouped by CBS codes and linked to the company’s internal cost database, which 

provides pricing based on material, construction method, and region. Each CBS task was mapped to a 

cost composition code from the database, enabling retrieval of standardized unit prices and calculation 

of totals. Specific logic was implemented for supporting construction items, which were calculated as 

percentages of their associated material, labour, and equipment costs rather than as direct quantities, 

based on historical data. Cases of ambiguous mapping were flagged for manual verification, ensuring 

no data was excluded. 

This process confirmed the robustness of the automated workflow and demonstrated its suitability for 

the study case use. Building upon the 4D integration framework validated by Santos (2025), this research 

extends the WBS coding structure to include cost-specific attributes, enabling automated quantity 

extraction grouped by both schedule activities and cost categories. To ensure reliability, automated 

results were cross-checked against manual estimator calculations for a sample set of structural elements. 

Discrepancies were analysed and traced back to either unit conversion errors or missing attributes, which 

were subsequently corrected at source. Cost estimation outputs are formatted as structured tables 

supporting cost benchmarking, forecasting, and comparison to budget targets. Finally, the outputs of the 

automated workflow were evaluated through performance analysis and validation against existing 

practices. 
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3.3.4 Phase 4: Performance Analysis and Framework Validation 

Phase 4 of the methodology is dedicated to evaluating the performance of the developed framework and 

validating its applicability within the case study. The evaluation adopts a dual approach, combining 

quantitative performance assessment with qualitative analysis of organizational processes and 

stakeholder perspectives. This dual approach reflects established best practices in BIM research, which 

emphasize that technical accuracy must be evaluated alongside process maturity and user adoption [46], 

[56]. Accordingly, the evaluation encompasses two complementary dimensions: (1) technical 

performance metrics—focused on accuracy, efficiency, interoperability, and reliability—and (2) process 

and organizational analysis, including AS-IS/TO-BE workflow mapping, stakeholder interviews, and 

maturity assessment. 

Four key technical criteria were defined to measure the framework’s effectiveness in comparison to 

conventional workflows: 

− Accuracy: Automated quantity take-off outputs are compared against manual estimates to 

identify discrepancies.  

− Efficiency: Processing time and human effort are recorded for both the automated workflow 

and the traditional manual process. These comparisons capture productivity gains and provide 

evidence of time savings. 

− Interoperability: The framework’s ability to transfer data across the IFC–IfcOpenShell–

DBCOM pipeline is evaluated. Particular attention is given to whether attributes embedded in 

IFC models (e.g., cost or scheduling properties) are preserved, as prior studies highlight 

potential inconsistencies in IFC exports [57]. 

− Reliability (Repeatability): Multiple test runs are conducted on both baseline and updated 

models to confirm that results remain consistent. This dimension demonstrates robustness and 

stability, key indicators of a dependable system. 

In parallel, we will perform AS-IS/TO-BE process mapping to capture workflow maturity and 

organizational impact. The AS-IS map will document the current, manual cost estimation process (e.g. 

fragmented handoffs between CAD, spreadsheets and databases, ad-hoc measurements). The TO-BE 

map will depict the proposed BIM-driven workflow (structured model authoring, IDS validation, 

automated QTO, and direct database integration). As Succar [47] observes, BIM’s promise is to “reduce 

industry’s fragmentation” and improve efficiency, so this comparison will highlight exactly how and 

where those gains occur. 

This mapping exercise highlights how the framework addresses industry fragmentation by reducing 

redundant handoffs, improving information quality, and introducing standardized processes. Moreover, 

the AS-IS/TO-BE diagrams serve as a communication tool, by showing stakeholders where the current 
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process is inefficient and making it easy to see the improvements brought by automation and validation 

[58]. 

To complement performance testing, structured interviews and demonstration sessions were conducted 

with key stakeholders, including estimators, project managers, and BIM coordinators. The evaluation 

focused on four dimensions: 

− Technical Feasibility – assessing compatibility with existing tools, skill requirements, and 

integration complexity. 

− Process Alignment – evaluating how the new workflow fits established roles and reporting 

practices, and whether it reduces unnecessary handoffs. 

− Training and Change Readiness – identifying skill gaps, anticipated learning curves, and 

organizational readiness for process transformation. 

− Perceived Value Proposition – gathering stakeholder perspectives on benefits such as accuracy, 

time savings, and transparency, as well as perceived limitations. 

Finally, the validation process recognizes boundary conditions and limitations. Known interoperability 

issues in IFC exchanges [57], scope restrictions to specific element types (e.g., structural components), 

and the need for occasional manual adjustments are documented explicitly. 

This chapter presented the methodology for developing and validating the integrated BIM-to-cost 

estimation framework. The following chapter details the practical implementation of this methodology, 

with validation results and performance analysis presented in Chapter 5. 
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4 FRAMEWORK DEVELOPMENT AND IMPLEMENTATION 

The present chapter documents the implementation of the framework within the industry partner’s 

environment. It describes the company and the selected case study projects. Then, it details how 

information requirements were formalized, models were configured, IDS rules were applied, and 

automated QTO and cost database integration workflows were developed. 

4.1 Case Study Overview 

4.1.1 Partner Profile 

The industry partner is an engineering and construction firm with a strong track record in agro-industrial 

and infrastructure projects, particularly in complex reinforced concrete works. Its portfolio ranges from 

grain storage facilities to large-scale port terminals (Figure 4), demonstrating extensive experience in 

high-capacity industrial construction. This profile provides an appropriate environment for validating 

automated cost estimation, since its projects already require structured and consistent data and the need 

for reliable and repeatable cost estimation processes. 

 

Figure 4 Agro-industrial terminal in Santos (Brazil) showing concrete silos [59] 

In recent years, the company has adopted Building Information Modelling (BIM) for structural design 

and is progressively integrating digital methods into planning and control workflows. In terms of BIM 

maturity, the company aligns with an intermediate stage: models are used beyond design visualization, 

yet integration with downstream processes such as cost management remains limited. This places the 

partner within what Succar [46] identifies as the “modelling stage” of BIM maturity, where technical 

modelling capacity is established but strategic integration and standardized data exchanges are 
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underdeveloped. BIM is primarily used in design coordination, while cost estimation still relies on 2D 

drawings, manual quantity take-off, and spreadsheets. This gap presents an opportunity for the 

implementation and validation of the proposed framework. 

The company’s current cost estimation practice is based exclusively on 2D drawings and reference 

projects stored in its internal database. When a client requests a quotation, the Commercial Team 

analyses the basic design received. If no design is provided, the company develops a preliminary 

solution that aligns with the client’s budget and expectations. Quantity take-off (QTO) is performed 

manually by extracting constructed areas and volumes from these basic drawings and entering them into 

standardized spreadsheets to prepare a commercial proposal. At present, there is no use of BIM models 

for estimation purposes, and the mapping of quantities to cost categories (CBS) is carried out manually 

within Excel. Unit costs are retrieved from the internal cost database (DBCOM), which provides a 

structured reference for cost codes. However, these values are frequently replaced or adjusted using 

supplier quotations to ensure alignment with market conditions. This approach guarantees realistic 

pricing but adds significant manual workload, especially when quotations must be collected for 

specialized structural components. This workflow, though established, is time-consuming and error-

prone, as it relies heavily on the experience of individual estimators and is disconnected from the 

company’s structural modelling practices. 

The reliance on manual QTO and disconnected CBS mapping underscores the need for a more integrated 

framework. While the current practices reveal significant limitations, stakeholder interviews and 

workflow analysis pointed to an ideal scenario rather than an achievable short-term reality. This scenario 

includes integration with company-specific cost codes and databases, compatibility with existing 

processes, and the ability to provide real-time cost updates during design iterations. Additional 

aspirations involve incorporating material specifications for unit cost determination, API connections 

directly to modelling software, automatic updates of databases based on regional cost variations and 

inflation factors, and automated classification of IFC entities. Together, these aspirations highlight both 

the opportunities and the challenges of digital transformation: while they define a clear direction for 

development, their implementation requires structured methods and gradual adoption. 

Key stakeholders in this process include commercial and technical teams and management functions, 

each with different responsibilities to ensure cost reliability, design accuracy and strategic alignment. 

Each of these roles will be affected by the adoption of the proposed automated workflow, which explains 

the importance of aligning technical implementation with organizational aspects. Table 1 summarizes 

the main responsibilities and success criteria for this project from the company’s perspective. 

Against this background, the followings section presents the case study projects selected to contextualize 

and test the proposed framework. 
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Table 1. Stakeholder Roles and Success Criteria 

Role Primary responsibility Success criteria 

Commercial Team 
Quantity measurement, cost modelling, 

and budget preparation 
Reliable early-stage cost forecasts 

Design Team Model creation and data structuring Reduction of manual QTO effort 

Project Managers Oversee execution strategy  BIM integration with reporting processes 

Finance Managers Validate budget consistency Budget alignment and reliability 

 

4.1.2 Project Case Study 

Two vertical reinforced-concrete silo were selected to serve as the empirical basis of this research. 

Designed for material handling and storage operations, both projects share typology but differ in scale: 

− Silo Aqua: storage capacity 34,800 t; internal diameter 38.8 m; approximate height of 56 m. 

− Silo Terra: storage capacity 17,500 t; internal diameter 24.8 m; approximate height of 58 m.  

These projects exemplify the industry partner’s role as both designer and contractor, where early-stage 

cost planning is necessary for aligning design alternatives with client budgets. Because grain storage 

facilities are characterized by large volumes of reinforced concrete and repetitive structural systems, 

they provide two comparable contexts for testing automated quantity take-off, CBS-based quantity 

grouping, and cost-integration with database-mapping procedures The project includes complex 

construction logistics that benefit from structured information management, particularly when 

evaluating alternatives and planning investment scenarios. Its scope is presented in Figure 5. 

 

Figure 5. Silo Schematic Project Scope 
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Together, these two case studies provide both the geometric and material complexity necessary to 

validate BIM-based cost estimation and a realistic industry context in which to test the proposed 

framework. The data sets include structural design documentation and historical quantity take-off for 

both silos, ensuring that findings are grounded in practical requirements while still addressing 

generalizable challenges in the wider construction industry. 

4.2 Implementation Architecture 

The implemented framework and data flow used on both study cases is shown on Figure 6. The process 

begins with authoring the models in Tekla, where the CostEstimation property sets are either embedded 

on the native model directly in the modelling software or populated in the extracted IFC after export, 

using Python and IfcOpenShell scripts. Once the IFC is exported and populated, it undergoes IDS 

validation processes and automated quantity take-off. The cost integration stage maps CBS codes to the 

extracted quantities and database unit prices to generate the final cost estimate. 

 

Figure 6. Implementation Architecture and Data Flow 

4.3 Model Configuration and IFC Export 

The BIM models for this research were developed using Tekla Structures 2024. The model scope 

encompasses structural elements from foundation, including piles and footings, up to the upper walls, 

providing sufficient detail for accurate quantity extraction. Each element tagged with corresponding 

CBS codes, and CBS rebar ratios were assigned. The models’ snapshots are shown in Figure 7 and 

Figure 8. 
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Both BIM models were developed according to the appropriate Level of Information Need (LOIN) 

requirements for cost estimation applications. Each was modelled in Tekla Structures to capture both 

precast and cast-in-place elements, emphasizing precise material quantification because of the high-cost 

impact of concrete and steel. The engineering team developed the structural model, the commercial team 

produced the cost breakdown structure, and BIM specialists supported integration and model 

verification. 

In alignment with the industry partner’s internal modelling standards, the configuration was defined as 

follows: 

− Modelling level: The models were produced at Formwork Level, ensuring that the geometry 

represented the real-world form of structural components with sufficient accuracy for cost 

estimation. 

 

Figure 7. Structural Silo: Silo Aqua 

Model snapshot 

 

Figure 8. Structural Silo: Silo Terra 

Model snapshot 

− System environment: The modelling relied on Tekla Structures, running on hardware aligned 

with Autodesk and Trimble’s minimum requirements, guaranteeing adequate performance. The 

modelers possessed intermediate training in BIM modelling, which ensured reliable outputs 

without the need for extensive external support. 
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− Units and precision: All BIM objects were created at true scale (1:1), consistently applying the 

International System of Units (SI). This allowed for direct and reliable measurements from the 

model. 

− Level of Information Need (LOIN): The required information level ensured that 3D geometry 

was detailed enough in quantity, form, and orientation to enable visual distinction of objects, 

precise positioning, and georeferencing. This supported both design coordination and 

downstream processes such as quantity take-off. 

− BIM object classification: IFC classification were applied to each object (Figure 9), enabling 

interoperability across platforms. This step was essential for linking model data with external 

systems, including cost databases and scheduling environments. 

 

Figure 9. IFC classification screenshot: IfcSlab property dialog 

Through this configuration, the model was not only a geometric representation but also an information-

rich dataset, structured to serve as the backbone for subsequent validation, quantity extraction, and cost 

integration. 
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4.3.1 Custom Property Sets 

The implementation phase required extending the standard IFC schema with custom attributes dedicated 

to cost estimation. These were grouped into a dedicated property set named CostEstimation, ensuring 

that model elements carried information not only for geometry and classification but also directly linked 

to the cost structure. Two approaches to embedding these properties were trailled. 

For the Silo Aqua case, the additional properties were embedded directly in Tekla Structures prior to 

IFC export. Property names were prefixed with CBS to maintain alignment with the Cost Breakdown 

Structure and to ensure a consistent information hierarchy, as shown in Figure 10. Conversely, for the 

Silo Terra case, the properties were introduced after export using Python and IfcOpenShell (Figure 11). 

This post-export injection approach was adopted to demonstrate the feasibility of enriching IFC files 

outside the native modelling environment, allowing batch editing and rapid iteration during validation. 

 

Figure 10. CostEstimation property set in Tekla (Silo Aqua) 

Together, these two strategies illustrate the flexibility of the proposed framework: while native 

authoring-tool implementation provides tighter integration, programmatic injection offers adaptability 

for models that are already complete. 
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Figure 11. CBS properties embedded via IfcOpenShell for Silo Terra 

Beyond the previously defined CBS attributes CBS Code and CBS Rebar Ratio, one additional property 

was configured within Tekla as a calculated field: CBS Total Rebar. This attribute provided a first-order 

reinforcement estimate by combining the concrete volume with the reinforcement ratio, thereby 

operationalizing the information structure introduced in Section 4.1.3. Values for reinforcement ratios 

were informed by structural requirements and historical project data provided by the industry partner.  

In parallel with the custom CBS properties, standard IFC attributes were preserved to safeguard 

interoperability. These attributes included geometric properties such as volume, area, and length, as well 

as classification codes, ensuring correct mapping to IFC object categories (IfcColumn, IfcSlab, IfcWall). 

4.3.2 IFC Export Settings 

The IFC export was configured in Tekla to ensure both interoperability and alignment with the study’s 

cost estimation objectives. Model coordinates were referenced to the project origin, maintaining 

consistency with the internal reference system. Only the relevant objects were exported, selected 

according to the Organizer-defined hierarchy prepared for each silo. Visual consistency was preserved 

by assigning object colours by class, which also facilitated downstream validation in IFC viewers. Layer 

names were mapped to construction phases, enabling objects to be grouped according to the defined 

execution sequence.  

The export process was conducted in IFC4 Reference view, using the configuration shown in the Tekla 

Structures export dialog (Figure 12). The Reference view (IFC4) was selected because it directly 

supports coordination, visualization, and quantity take-off, which were central to this research. Unlike 

the Design Transfer View, which prioritizes conversion into editable native objects for continued design 

development, the Reference View emphasizes data consistency and exchange reliability, making it 
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better suited for automated validation and cost integration. Similarly, options such as IFC4precast, 

intended for fabrication data, did not align with the study’s scope. 

By using the Reference View, the workflow ensured that IFC exports remained lightweight, stable, and 

semantically consistent, with non-geometric attributes (e.g., property sets, units, CBS codes) preserved 

and standardized across exports. This reliability is essential for IDS-based validation and for linking 

extracted quantities with cost data. The choice also aligns with buildingSMART’s recommendation to 

use Reference View in data exchange scenarios where attribute reliability is more critical than geometry 

fidelity, confirming its suitability for the cost estimation framework developed in this thesis. 

 

Figure 12. Tekla dialog for IFC Export Configuration 

This setup provided a reliable balance between interoperability and data control. The Reference view 

ensured that the exported models were optimized for geometry-based coordination and quantity take-

off. Export mapping tables were configured so that all custom CBS properties were transferred 

seamlessly into the IFC files. The exported models were subsequently validated against the IDS 

specifications defined previously to confirm that the property sets were correctly embedded. 
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4.4 Information Requirements and IDS Implementation 

The definition of information requirements was guided by company-specific cost estimation needs, 

ensuring that the BIM model could adequately support both automated quantity extraction and CBS-

based cost calculation. The requirements specification process began with a structured analysis of 

existing company workflows, complemented by stakeholder interviews with cost engineers, project 

managers, and estimation specialists. This combined approach provided a detailed understanding of 

critical data needs and recurring challenges, including inconsistent measurement bases across 

departments, limited linkage between model properties and the cost database, and delays in updating 

cost estimates following design changes. 

Cost-critical properties were identified and mapped to relevant IFC property sets. The main attributes 

embedded in the IDS are: 

− CBS Code, a text identifier linking model elements to cost database items. 

− CBS Rebar Ratio, numeric (kg/m³) used to estimate reinforcement relative to concrete volume 

in early-stage reinforcement estimation. 

− CBS Total Rebar (optional, can be calculated), numeric (kg) storing rebar mass, 

− Geometric attributes for quantity calculation (volume, surface area, dimensions) for precise 

quantity calculations. 

Each attribute was mapped to IFC entities and PropertySets (Psets) appropriate to the company’s 

modelling practice. Where necessary, custom Psets were defined (e.g., CostEstimation) and standard 

geometric measures were stored in company internal sets (ZT Sets) to preserve compatibility with 

existing Tekla templates. The company’s internal property sets and their mapping to IFC entities are 

listed in Table 2. 

Table 2. Internal Property Sets 

IFC Entity ZT Set 

IfcFooting ZT Bloco 

IfcColumn ZT Coluna 

IfcBeam ZT Viga 

IfcSlab ZT Laje 

IfcWall ZT Parede 

IfcDiscreteAccessory ZT Acessório 

 

Validation rules were then defined for these cost-specific attributes, designed to complement established 

4D planning property requirements. In this way, the specification builds upon the temporal planning 
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framework validated by Santos (2025), extending its applicability to cost estimation workflows and 

thereby strengthening the foundation for comprehensive 5D BIM implementation. To formalize these 

requirements, the attributes were embedded within Information Delivery Specification (IDS) schemas. 

An excerpt of the IDS XML is shown in Figure 13. The IDS enforces the presence and format of the 

cost-related PSets and links those properties to the geometric entities used for QTO. 

 

Figure 13. IDS XML snippet 

The IDS framework defines mandatory properties for each relevant IFC entity, while the hierarchical 

CBS code structure supports varying levels of detail, from broad classification levels to fine-grained 

subcategories. This facilitates flexible estimation approaches tailored to different project stages. 

Furthermore, the IDS-based validation mechanisms ensure the systematic identification and correction 

of non-conformities while maintaining alignment with established modelling workflows. 

The validation of the IFC models was conducted through Information Delivery Specifications (IDS) to 

ensure that all attributes required for cost estimation were present, structured, and machine-readable. 

The process was applied systematically across all model elements, covering both custom CBS-related 

properties (CBS Code, CBS Rebar Ratio, CBS Total Rebar) and standard geometric properties 

(formwork area, volume, and dimensions). This ensured that the dataset provided a complete basis for 

automated quantity take-off and cost integration. Two validation approaches were implemented: 

− XML-based validator: The IDS requirements were defined in XML format and checked against 

the exported IFC models. This ensured compliance with a formalized, standards-based 

validation structure. 

− Python dictionary-based validator: To reduce dependency on XML parsing and facilitate 

iterative testing, a lightweight validator was developed in Python. It mirrored the IDS logic but 

allowed faster adjustments during case study iterations. 

The validation procedure followed an iterative loop. First, the IFC model was exported from Tekla and 

then checked using XML and dictionary validators, which generated a validation log (Figure 14). 
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Figure 14. Validation Report Screenshot 

The log was reviewed, and any inconsistencies were corrected either directly in Tekla (Figure 15) or 

through a post-export injection script. The model was then re-exported or the injection script re-run, 

followed by another round of validation. This cycle was repeated until full compliance was achieved. 

 

Figure 15. CostEstimation Pset Before and After Correction (same element) 

4.5 QTO Script Development 

The extractor was implemented as a standalone Python script. Input is provided via a single-column 

CBS-oriented spreadsheet (CSV or XLSX), where each row represents an activity code. Title rows are 

permitted for readability but excluded from calculations. This design eliminates the need for embedded 

calculation methods within the input file, as all computational logic is encoded directly in the Python 

script to ensure consistency and reusability across different projects. 

The automated extractor was built on IfcOpenShell, with the following capabilities: 

− IFC Parsing: All relevant entities and Property Sets are read from the model. 
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− Quantity Extraction: Element quantities are derived from IfcElementQuantity entities or 

calculated directly from IFC geometry. Special rules were hard coded for activities not directly 

measurable (e.g., excavation defined as the net difference between excavation and footing 

volumes; cable weights calculated from spacing and sectional parameters, shown in Figure 16).  

− Unit Normalization: A robust unit scaling mechanism handled both IfcSIUnit and 

IfcConversionBasedUnit, ensuring consistent conversion from millimetres or centimetres into 

SI units. 

− Property Set Extraction: Project-specific properties (e.g., CBS Code, CBS Rebar Ratio, CBS 

Total Rebar) were retrieved from CostEstimation property sets, supplemented by formwork 

area, volume, and dimensions. 

− Exporting: Writes enriched CBS spreadsheets (XLSX/CSV) compatible with DBCOM. 

 

Figure 16. Screenshot of hard-coded rules on Python extractor 

The methodology implements a hierarchical matching strategy between input items and IFC elements. 

The process begins with full code matching, initially attempting to find exact CBS code correspondence 

(e.g., 6.3.1 matches with CBS 6.3.1). When the full match is not available, it proceeds to truncated 

matching, progressive looking for abbreviated codes (e.g., 6.3, then 6). Then, class filtering applies 

element type restrictions, to ensure only relevant IFC classes contribute to specific item quantities, thus 

reinforcing the need for correct IFC classification. 

4.6 Cost Database Mapping and CBS Structuring 

This phase advances the framework by bridging BIM-based model data with the DBCOM structured 

cost database through automated processes. IfcOpenShell serves as the core computational engine and 

enables rule-based extraction of construction quantities directly from IFC models, while linking results 

to the project’s Cost Breakdown Structure (CBS) and DBCOM. 

To extend quantity extraction into cost estimation, the system was integrated with the company’s 

internal DBCOM database. This integration connects extracted quantities with cost information and, 

while demonstrated on a proprietary dataset, is adaptable to any structured cost database following a 

consistent schema. 
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The Cost Breakdown Structure (CBS) spreadsheet, shown in Figure 17, acts as the intermediary mapping 

interface between geometric quantities and cost codes. Designed for reuse across projects, this 

spreadsheet ensures that each construction activity is consistently structured according to the internal 

cost coding system.  

 

Figure 17. Sample of input CBS spreadsheet 

DBCOM itself is maintained as standardized Excel tables containing detailed unit cost data, including 

labour, materials, equipment, and percentage-based factors for overhead, profit, taxes, contingencies, 

and administrative costs. This coding structure governs unit price composition and enables uniformity 

across project estimates. 

The input data for the IfcOpenShell script consisted of three main components: 

1. IFC model: provided accurate volumetric, area, and linear measurements aligned with project 

construction elements, extracted automatically through IfcOpenShell. 

2. CBS-oriented spreadsheet: served as a mapping layer, where each row corresponds to a 

construction activity and links extracted quantities to cost codes. 

3. DBCOM tables: contained itemized unit prices, material specifications, labour rates, and 

overhead factors (Table 3), ensuring that estimates reflected both historical cost data and current 

market conditions.  

Table 3. Sample DBCOM unit price composition 

CPU Description Unit Material 
Labour & 

Equipment 

Direct 

Cost 

Indirect 

Rate 

Total 

Cost 

MOV.003 Manual excavation m3  34.27   137.06   124.38  38%  171.33  

FOR.001 
Formwork for 

infrastructure 
m2  54.40   59.91   82.98  38%  114.31  

ARM.001 Reinforcement kg  9.43   8.71   14.35  26%  18.14  

CON.012 
Ready-mix concrete 

fck 40 MPa 
m3  832.74   -     658.55  26%  832.74  

 

CBS CPU DESCRIPTION IFC Quant IFC Unit Unit Price TOTAL

3 CONCRETE FOOTINGS

3.10 Z-MOV.003 Manual excavation 0.00

3.40 Z-FOR.001 Formwork for infrastructure 0.00

3.50 Z-ARM.001 Reinforcement 0.00

3.60 Z-CON.012 Ready-mix concrete fck 40 MPa 0.00
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The workflow begins with geometric property extraction from the IFC model and alignment with CBS 

codes using hierarchical matching algorithms. Next, these codes were cross-referenced against the 

DBCOM tables to retrieve complete unit price compositions, including base costs and applicable 

multipliers. The resulting data populated the CBS spreadsheet automatically, recording the extracted 

quantity, standardized unit, unit price, and total cost calculated as Quantity × Unit Price. Predefined 

surcharges and adjustment factors, embedded within DBCOM, were then applied programmatically to 

ensure comprehensive cost coverage without double counting.  

The resulting CBS spreadsheet, shown in Figure 18, contains standardized columns for activity codes, 

descriptions, computed quantities, units of measurement, unit prices, and total costs. This structure 

aligns with both the CBS and DBCOM rules, ensuring compatibility with the company’s established 

estimating practices.  

 

Figure 18. Sample of Enriched CBS Spreadsheet 

This chapter documented the complete implementation of the integrated BIM-to-cost estimation 

framework within the industry partner’s operational environment. Both case studies, Silo Aqua and Silo 

Terra, demonstrated the technical feasibility of linking structured BIM data with existing cost 

management systems through CBS-based mapping and DBCOM integration. With the framework fully 

implemented and operational, the following chapter presents the validation results, performance 

analysis, and quantitative assessment of accuracy, efficiency, and organizational impact achieved 

through this automated approach. 

CBS CPU DESCRIPTION IFC Quant IFC Unit Unit Price TOTAL

3 CONCRETE FOOTINGS

3.10 Z-MOV.003 Manual excavation 1,027.43 m3 171.33 176,028.81

3.40 Z-FOR.001 Formwork for infrastructure 1,972.26 m2 114.31 225,449.04

3.50 Z-ARM.001 Reinforcement 41,354.00 kg 18.14 750,161.56

3.60 Z-CON.012 Ready-mix concrete fck 40 MPa 413.54 m3 832.74 344,371.30
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5 RESULTS AND VALIDATION 

This chapter presents the validation outcomes and operational performance of the implemented 

framework. Results are organized into four key areas: information requirements and IDS validation, 

automated quantity take-off accuracy assessment, workflow transformation analysis comparing AS-IS 

versus TO-BE processes, and framework performance evaluation. 

5.1 Information requirements and IDS Validation 

The information requirements were elicited through structured interviews with stakeholders. The final 

set of required properties, summarized in Table 4, formed the basis of the IDS validation performed 

throughout the case study. 

Table 4. Information requirements 

Required Property Format Unit Property Set 

CBS Code Text - CostEstimation 

CBS Rebar Ratio Numeric kg/m³ CostEstimation 

CBS Total Rebar (opt) Numeric kg CostEstimation 

Length Numeric m ZT Sets 

Width Numeric m ZT Sets 

Height Numeric m ZT Sets 

Volume Numeric m³ ZT Sets 

Formwork Area Numeric m² ZT Sets 

 

These requirements reflect stakeholder priorities by mandating CBS identification and geometric 

measures for elements that drive cost (structural members, slabs, walls, and foundations) while allowing 

optional attributes where available. 

Both XML-based and Python dictionary validators were executed on the IFC files from both case 

studies. The validation strategy was applied to complete models rather than selected subsets to ensure 

uniform information quality across all cost-driving elements. A summary of the validation metrics can 

be seen in Table 5. 

Key findings from the validation process: 

− Common non-conformities: Missing CBS properties and inconsistent unit formats for geometric 

measures were the most frequent issues. 

− Correction pathways: Issues were resolved either by updating Property Sets in Tekla or through 

post-export injection for missed elements. 
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− Workflow robustness: Full model validation detected inconsistencies that partial checks would 

have missed, particularly in accessory and foundation elements. 

− Validator performance: The Python dictionary validator accelerated iterative testing during 

development, while the XML validator provided authoritative checks before finalizing exports. 

Table 5. IDS Validation Results 

Metric 
Silo Aqua 

(native embedding) 

Silo Terra 

(post-export injection) 

IFC elements checked 711 261 

First-pass compliance (%) 77% 99.6% 

Validation cycles to full compliance  4 1 

Number of distinct validation error types detected 2 1 

Most frequent error type MissingProperty MissingProperty 

 

The Silo Aqua model required multiple authoring iterations due to missing native property sets in initial 

exports. Conversely, the Silo Terra model achieved higher first-pass compliance through post-export 

property injection, ensuring required attributes were present and properly structured. 

5.2 QTO Accuracy: Automated vs. Manual 

The automated quantity extraction process successfully generated quantities directly from validated 

BIM models, linking results to DBCOM unit price compositions for final cost estimation. Table 6 

presents sample automated QTO outputs that demonstrate the framework’s capability to extract both 

complex geometric and derived quantities with associated cost calculations. 

Table 6. Sample QTO output 

CBS Code Description Unit Quantity Unit Price (DBCOM) Total Cost (auto) 

3 Concrete Volume (footings) m³ 413.54 980.18 405,343.64 

6.1 Slipform for Silos m² 3,773.58 111.35 420,188.13 

6.1 Reinforcement for Silos kg 121,586.00 14.92 1,814,063.12 

 

To evaluate accuracy, automated outputs were systematically compared against manual QTO values 

produced by the partner organization using traditional 2D drawings and spreadsheet-based calculations. 

The comparison reveals that the automated extractor demonstrates strong concordance with manual 

QTO across a broad range of commonly used structural and assembly components. 



46 

Goulart Weber, A. 2025. BIM-Enabled Cost Estimation: A Framework for Automated Quantity Extraction and Database Integration 

Master Thesis. Ljubljana, UL FGG, Second Cycle Master Study Programme Building Information Modelling - BIM A+ 

 

As shown in Table 7, core structural elements exhibit particularly close alignment. Metal pile fabrication 

and cutting operations show minimal variance (0-2%), while precast concrete quantities, pouring 

operations, and reinforcement calculations align within 6-13% of manual values. Standard construction 

elements with straightforward geometry, including slipform areas and routine finishes such as painting, 

consistently fall within approximately 20% variance, reinforcing confidence in the extraction logic’s 

ability to correctly interpret standard geometry and unit mappings. 

Table 7. Selected QTO comparison (manual vs automated) 

CBS Item Description ManQuant AutoQuant Unit Difference 

1.10 Site Site layout 1,057.84 1,312.12 m2 24% 

1.20 Site Manual floor levelling 1,057.84 1,312.12 m2 24% 

2.10 Pile Metal pile HP310x93 3,255.00 3,313.11 m 2% 

2.20 Pile Cutting of metal pile 217.00 217.00 un 0% 

4.10 Columns Metal formwork 2,445.84 2,831.15 m2 16% 

4.20 Columns Reinforcement 66,871.91 70,980.00 kg 6% 

4.30 Columns Ready-mix concrete fck 40 MPa 668.72 709.80 m3 6% 

4.40 Columns Concrete pouring - precast elements 668.72 709.80 m3 6% 

6.1.1 Wall Slipform for Silos 8,290.69 7,547.16 m2 -9% 

6.1.2 Wall Reinforcement-Silo 145,087.15 121,586.00 kg -16% 

6.1.8 Wall Painting with acrylic latex paint 4,185.26 3,773.58 m2 -10% 

6.2.1 Columns Formwork for superstructure 363.00 540.76 m2 49% 

6.2.2 Columns Reinforcement 9,931.68 8,116.80 kg -18% 

6.2.3 Columns Ready-mix concrete fck 40 MPa  82.76 67.64 m3 -18% 

9.20 Slabs Reinforcement 123,120.97 138,768.00 kg 13% 

9.30 Slabs Ready-mix concrete fck 40 MPa 615.60 693.84 m3 13% 

9.40 Slabs Concrete pouring - precast elements 615.60 693.84 m3 13% 

 

While most comparisons show acceptable variance levels, certain categories exhibit more significant 

differences that merit analysis. Notably, formwork for superstructure components showed increases of 

approximately 49% in automated results, reflecting the BIM model's enhanced capability to capture 

detailed geometric surfaces that may have been underestimated or simplified in traditional manual 

measurement processes. The observed variances stem from three primary sources: 

− Geometric interpretation differences: The 3D BIM model captures surface complexities that 

may be approximated in 2D drawings. 

− Embedded calculation assumptions: Automated processes may apply different reinforcement 

ratios or coverage calculations. 
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− Manual measurement completeness: Traditional take-off methods may inadvertently omit minor 

geometric features or surface areas. 

These results demonstrate that while the automated workflow consistently reduces processing time and 

improves measurement traceability, its outputs exhibit neither uniformly higher nor lower values 

compared to manual calculations. Instead, observed deviations reflect methodological differences 

between 3D model-based extraction and traditional 2D drawing-based measurement approaches. The 

automated system’s ability to capture comprehensive geometric detail suggests that where significant 

positive variances occur, the BIM-based approach may provide more complete and accurate quantity 

assessments. 

5.3 Workflow Comparison: AS-IS versus TO-BE Analysis 

The existing cost estimation process was reconstructed through six semi-structured interviews and 

workflow observations across Commercial, Estimation, BIM, and Finance teams. The AS-IS process 

revealed a fragmented, manual workflow with multiple handoffs and significant reliance on individual 

expertise. 

5.3.1 Baseline Workflow Characterization (AS-IS) 

The baseline workflow was reconstructed through interviews across commercial, design, and finance 

teams and document analysis. Materials such as 2D drawings, example manual BOQs, historical and 

DBCOM price extracts were collected to support the analysis.  

 

Figure 19. AS-IS Diagram: Current Cost Estimation Workflow 
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The AS-IS process revealed a fragmented, manual workflow with multiple handoffs and significant 

reliance on individual expertise. Produced an AS-IS swim-lane diagram mapping roles and 

responsibilities of the Commercial Team, Estimators, Project Managers, and Finance in the manual 

workflow, shown in Figure 19.The main structural limitations of the AS-IS workflow can be 

summarized as follows: 

− Process Fragmentation: Information flows through disconnected systems (CAD, Excel, 

DBCOM, email-based quotations) without systematic integration. Each transition point 

introduces potential errors and requires manual data validation. 

− Quality Control Dependencies: Accuracy relies heavily on individual estimator experience and 

interpretation. Measurement approaches vary across team members, and CBS classification 

relies on tacit institutional knowledge rather than standardized, reproducible rules. 

− Limited Traceability: Changes in design drawings require complete re-estimation with limited 

ability to track modifications or understand their cost implications. Version control depends on 

file naming conventions rather than integrated change management. 

− Reactive Cost Planning: Cost feedback occurs only after design decisions are made, limiting 

opportunities for value engineering and design optimization during conceptual phases. 

Collectively, these characteristics demonstrate how the absence of BIM-cost integration constrains 

efficiency, consistency, and strategic use of cost data in the early stages of project planning. 

5.3.2 Transformed Workflow Implementation (TO-BE) 

The transformed workflow begins with structured BIM authoring where cost-relevant attributes are 

embedded directly into model elements during design development. IDS validation ensures 

completeness and conformity before quantity extraction, introducing systematic quality control through 

machine-readable checkpoints. Automated quantity take-off through Python/IfcOpenShell eliminates 

manual measurement while ensuring full traceability to source model elements. 

The TO-BE workflow implementation established a model-centric cost estimation process through two 

property embedding approaches: direct integration within Tekla Structures for Silo Aqua, and post-

export injection scripts for Silo Terra, demonstrating framework adaptability to both new and existing 

models. 

Implementation required developing an IDS XML specification for cost attributes, operationalized 

through dual validation methods. An XML-based validator using Python and ElementTree ensured 

formal standards compliance, while a dictionary-based validator using IfcOpenShell enabled rapid 

development iterations. The automated QTO extractor, built with Python/IfcOpenShell, implemented 
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hierarchical CBS matching logic to link model elements with cost categories and integrate extracted 

quantities with DBCOM through Excel-based connectors. 

 

Figure 20. TO-BE Diagram: BIM-Integrated Cost Estimation Workflow 

The resulting TO-BE process mapping identified workflow components managed exclusively through 

digital automation while preserving necessary human oversight points, as illustrated in Figure 20. The 

key characteristics of the TO-BE workflow can be summarized as follows: 

− Process Integration: Information flows seamlessly from model authoring through validation and 

cost calculation within a unified digital environment. Data re-entry is eliminated, and version 

control is ensured through structured model management rather than document tracking. 

− Systematic Quality Assurance: IDS validation provides automated verification of information 

requirements, replacing subjective quality checks with objective compliance mechanisms. Non-

conforming elements are flagged early, supporting iterative design improvement. 

− Enhanced Traceability: Each cost item retains a direct link to the originating model element, 

enabling impact analysis of design modifications and maintaining audit trails for estimation 

decisions. Quantity changes can be traced to specific geometric or classification updates. 
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− Proactive Cost Integration: Cost feedback is made available during design development, 

facilitating value engineering and design optimization throughout the iterative design process 

rather than only after major design decisions are finalized. 

5.3.3 Comparative Analysis 

The comparison between AS-IS and TO-BE workflows reveals significant transformations across 

multiple dimensions of organizational practice. Table 8 summarizes the key differences and their 

implications for cost estimation reliability and efficiency.  

The transformation demonstrates clear advantages in addressing the industry partner's identified 

challenges: time-consuming manual calculations, data inaccuracy, data duplication, and verification 

difficulties. 

Table 8. Comparative Analysis of AS-IS versus TO-BE Workflow Characteristics 

Dimension AS-IS Process TO-BE Process Transformation Impact 

Information 

Source 

2D drawings, manual 

interpretation 

3D models with 

embedded attributes 

Enhanced accuracy and 

consistency 

Quality Control 
Individual expertise, spot 

checking 
Systematic IDS validation Objective, repeatable verification 

Data Integration Multiple software platforms 
Unified model-centric 

workflow 
Reduced errors and handoffs 

Cost Feedback 

Timing 
Post-design completion 

During design 

development 
Proactive design optimization 

Change 

Management 
Complete re-estimation 

Incremental model 

updates 
Improved responsiveness 

Traceability 

Limited ability to track design 

changes; version control via file 

naming. 

Full linkage between cost 

items and model elements 

Improved accountability and 

auditability, informed decision-

making. 

Documentation Static spreadsheets 
Dynamic model-linked 

reports 
Enhanced traceability 

 

The systematic approach to information requirements and validation provides a foundation for scaling 

automated cost estimation across different project types and organizational contexts. Regarding time 

allocation, Table 9 illustrates how role responsibilities shift from manual, repetitive tasks toward 

analytical and strategic activities in the TO-BE workflow. 
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Table 9. Stakeholder Time Allocation Transformation 

Stakeholder Current Time Allocation New Time Allocation 

Commercial Team 

Manual QTO Activities 

Manual quantity take-offs 

Data extraction from drawings 

Basic calculations 

Validation & Review 

Automated output verification 

Quality assurance checks 

Exception handling 

Cost Estimators 

Manual Calculations 

Quantity calculations 

Basic cost computations 

Data entry tasks 

Analysis & Optimization 

Cost analysis and trends 

Value engineering 

Strategic optimization 

BIM Coordinators 

Standard Modelling 

Basic BIM modelling 

Manual corrections 

Multiple revision cycles 

Enhanced Modelling 

Detailed modelling requirements 

Integration setup 

Reduced correction cycles 

Project Managers 

Standard Operations 

Slower decision-making 

Waiting for estimates 

Traditional processes 

Enhanced Management 

Faster decision-making 

Training coordination 

Process management 

5.4 Framework Performance Summary 

The validation results confirm that automated QTO integrated with DBCOM produced reliable, 

repeatable outputs for both silo cases, generating measurable time savings and improved traceability. 

The largest discrepancies were traced to a small number of tractable causes including rebar ratio defaults, 

Property Set omissions, and minor mapping gaps, all of which were systematically addressed through 

iterative refinement. 

The framework successfully demonstrated: 

− Technical feasibility of linking IDS validation, automated quantity extraction, and cost database 

integration. 

− Accuracy improvements through systematic quality control and reduced manual errors. 

− Efficiency gains through automation of repetitive measurement and calculation tasks. 

− Enhanced traceability linking cost items directly to model elements. 

− Organizational readiness for adoption with appropriate change management support. 

These results provide strong evidence that the integrated BIM-to-cost estimation framework addresses 

the identified research objectives while establishing a foundation for broader industry adoption of 

similar automated cost estimation approaches. However, technical feasibility alone does not guarantee 

organizational adoption. The following chapter examines stakeholder perspectives on framework 

integration, assesses broader applicability beyond the agro-industrial context, and identifies the strategic 

implications and implementation prerequisites necessary for successful industry adoption. 
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6 DISCUSSION 

This chapter synthesizes the empirical findings from Chapter 5, examining their significance for the 

study’s objectives and broader implications for BIM-enabled cost estimation. The discussion focuses on 

stakeholder perspectives and organizational readiness, framework transferability, strategic implications 

for the construction industry, alignment with research objectives, and implementation limitations. 

6.1 Stakeholder Feedback and Organizational Readiness 

To evaluate the practical adoption potential of the proposed BIM-to-cost estimation framework, 

structured feedback was collected from key organizational stakeholders through live demonstrations, 

pilot testing, and structured interviews. This multi-faceted engagement process captured both technical 

feasibility and organizational integration perspectives from Commercial Team members, Cost 

Estimators, Project Managers, BIM Coordinators, and Finance Managers. The feedback collection 

focused on four critical dimensions:  

- Technical Feasibility: compatibility with existing systems and required skills. 

- Process Alignment: integration with established workflows and reporting. 

- Training Requirement: skill gaps and learning curve assessment. 

- Value Proposition Recognition: perceived benefits and willingness to invest in transformation. 

6.1.1 Commercial Team and Cost Estimator Perspectives 

The Commercial Team and Cost Estimators recognized significant transformative potential in the 

automated quantity extraction capabilities, particularly the time savings compared to manual 

measurement and calculation processes. The systematic CBS classification approach was valued for 

reducing inconsistencies across estimators, thereby improving standardization and estimate 

comparability. 

Key positive feedback included appreciation for IDS validation as an objective quality control 

mechanism that ensures completeness and consistency of cost-relevant attributes before quantity 

extraction, reducing error risk from missing or inconsistent data. Stakeholders valued the direct linkage 

between model elements and cost items, noting enhanced proposal justification capabilities and 

improved client transparency through detailed, verifiable quantity breakdowns. 

However, estimators emphasized the continued importance of supplier quotations for specialized or 

high-value items, requesting workflow flexibility to override or supplement database values with current 

market prices. Learning curve concerns were expressed regarding direct interaction with IFC models 

and Python-based scripts, highlighting the need for either user-friendly interfaces or comprehensive 

training programs for non-technical users. 
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6.1.2 Project Management and BIM Coordination Feedback 

Project Managers emphasized the framework’s value for strengthening cost-schedule information 

integration, highlighting shared CBS coding structures as unifying mechanisms across cost estimation 

and 4D planning workflows. This integration was viewed as enhancing project delivery through clearer 

specifications and more informed decision-making throughout the design and construction lifecycle. 

BIM Coordinators provided critical implementation feedback focusing on practical enablers required 

for workflow embedding. Their observations centred on four themes: strengthening BIM Execution 

Plans (BEPs) with explicit cost-relevant property requirements and systematic validation procedures; 

developing standardized model templates incorporating CBS coding structures and property sets for 

cross-project consistency; aligning cost estimation requirements with architectural, structural, and MEP 

modelling practices for comprehensive element coverage; and establishing technology infrastructure 

including Python environments, IfcOpenShell installation, and integration within existing IT systems. 

6.1.3 Organizational Readiness and Change Management Requirements 

The feedback process revealed both enablers and barriers shaping organizational readiness for 

framework adoption. Enablers included existing BIM capabilities, mature DBCOM cost database 

infrastructure, and explicit leadership support for digital transformation initiatives, providing a solid 

foundation for adoption and signalling organizational commitment to innovation. 

Identified barriers included skill gaps in advanced BIM applications, concerns about workflow 

disruptions during transition, and uncertainty regarding implementation time and resource requirements. 

These concerns underscore the importance of careful planning and structured support mechanisms for 

smooth adoption progression. 

Table 10 presents an assessment of organizational readiness, contrasting identified enablers with 

perceived barriers. This structured overview clarifies the conditions that support adoption while also 

exposing the challenges that require targeted change management interventions. 

Table 10. Organization Readiness Assessment 

Category Enablers Barriers Mitigation Strategies 

Technical 

Infrastructure 

Existing Tekla Structures licenses 

DBCOM cost database 

operational. 

IT infrastructure supports Python 

Limited IfcOpenShell experience 

No IDS validation tools 

Manual IT setup required 

Python/IfcOpenShell 

training program 

Pilot implementation with IT 

support 

Tool procurement and 

configuration. 
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Category Enablers Barriers Mitigation Strategies 

BIM 

Capabilities 

BIM department operational 

IFC export procedures established. 

Model quality standards defined 

Limited cost-specific modelling 

experience. 

Property set standardization 

needed. 

Custom template development 

required. 

CBS-focused BIM training. 

Template development 

project. 

Quality assurance procedure 

updates. 

Cost 

Management 

Structured DBCOM database. 

Established CBS coding system. 

Experienced cost estimation team 

Manual cost integration processes. 

Limited API/automation 

experience. 

Resistance to workflow changes. 

Gradual transition planning. 

Demonstration of value 

benefits. 

Change management 

support. 

Organizational 

Culture 

Leadership support for digital 

transformation. 

Previous successful BIM adoption. 

Cross-functional collaboration 

established. 

Individual expertise dependencies. 

Concerns about workflow 

disruption. 

Training time investments 

required. 

Stakeholder engagement 

program. 

Pilot project success 

demonstration. 

Phased implementation 

approach. 

 

6.1.4 Synthesis of Stakeholder Feedback and Organizational Readiness 

Table 11 synthesizes the main themes across stakeholder groups, highlighting key enablers, challenges, 

and transformation impacts. 

Table 11. Stakeholder Feedback and Organizational Integration Assessment Summary 

Stakeholder Group Key Enablers Concerns Transformation Impact 

Commercial Team & 

Estimators 

Automation reduces manual 

measurement effort; systematic 

CBS classification improves 

consistency; IDS validation 

strengthens quality control. 

Learning curve with 

IFC/Python workflows; need 

for supplier quotation 

flexibility. 

Enhanced accuracy, 

transparency, and 

auditability in cost 

estimation. 

Project Managers 

Shared CBS coding supports 

cost–schedule integration; 

systematic IDS improves project 

delivery specifications. 

Concern about integration 

speed across live projects. 

Stronger cost–time 

integration and improved 

early-stage decision-

making. 

BIM Coordinators 

Potential to formalize model 

authoring standards; 

opportunities for standardized 

templates; supports cross-

disciplinary coordination. 

Infrastructure requirements 

(Python/IfcOpenShell); 

alignment with MEP and 

architectural practices 

needed. 

Elevated BIM governance, 

standardized practices, and 

greater interoperability. 
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Stakeholder Group Key Enablers Concerns Transformation Impact 

Organizational Readiness 

Established BIM expertise, 

mature DBCOM, leadership 

support. 

Skill gaps, workflow 

disruption risks, uncertainty 

about timelines and 

resources. 

Framework adoption 

feasible but contingent on 

structured change 

management strategies. 

 

Figure 21 presents a change management roadmap. It illustrates a phased adoption approach, beginning 

with short-term pilot initiatives, scaling to long-term organizational integration. Each phase is aligned 

with specific capability-building and resource requirements. 

 

Figure 21. Change Management Roadmap for BIM-to-Cost Estimation Framework Adoption 

6.2 Framework Applicability and Generalization Potential 

6.2.1 Methodological Transferability Assessment 

The framework demonstrates strong transferability potential across diverse organizational and project 

contexts through its foundation on open standards and open-source tools (Python, IfcOpenShell), 

ensuring independence from proprietary environments and supporting adoption across varied software 

ecosystems. The modular structure enhances adaptability, allowing progressive implementation aligned 

with organizational digital maturity, strategic priorities, and resource availability. 

IFC as the central data exchange format maintains interoperability across major BIM authoring 

platforms, while the IDS layer formalizes cost-relevant information requirements and provides 

systematic validation, reducing entry barriers and aligning with industry interoperability standards. 

Although demonstrated using the industry partner’s DBCOM system, the CBS-based mapping approach 

is database-agnostic and extends to commercial solutions (RSMeans, BCIS) and region-specific 
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resources (SINAPI), allowing organizations to maintain continuity with existing cost structures while 

benefiting from automation and traceability. 

6.2.2 Industry Context and Sectoral Applications 

The agro-industrial context in which the framework was validated offered a demanding test 

environment, characterized by large concrete volumes, complex geometric assemblies, and strict 

performance requirements. These project characteristics are not unique to grain silo construction and 

reflect broader conditions found in multiple sectors of the construction industry. For instance, industrial 

construction projects feature material-intensive workflows where accurate quantity estimation directly 

influences project economics. Similarly, infrastructure projects, including bridges, tunnels, and utility 

installations, often involve repetitive structural elements and standardized construction methods, making 

them well-suited to automated quantity extraction. Even residential and commercial development 

projects can benefit from the framework when sufficient geometric complexity exists to justify BIM-

based estimation, particularly if standardized cost breakdown structures are employed. Across these 

sectors, the framework’s reliance on model-driven processes, traceable quantity extraction, and 

structured cost integration offers tangible methodological and strategic benefits. 

6.2.3 Organizational Maturity Prerequisites 

Successful implementation requires three organizational prerequisites: established BIM authoring 

competencies and IFC export understanding; structured cost database infrastructure with established 

breakdown structures; and change management readiness including leadership support for process 

transformation and willingness to invest in training and capability development. 

6.3 Alignment with Research Objectives 

The empirical results successfully demonstrate achievement of all six research objectives, revealing 

implementation complexities while confirming technical feasibility and industry adoption value. Figure 

22 presents achievement framework visualization. 

The framework successfully established standardized information requirements using IDS for cost-

relevant BIM data validation (Objective 1), addressed interoperability challenges through IFC standard 

compliance and property set consistency (Objective 2), implemented automated CBS-based quantity 

extraction using Python/IfcOpenShell (Objective 3), integrated model-derived quantities with structured 

cost databases (Objective 4), validated framework accuracy and efficiency against traditional methods 

(Objective 5), and documented implementation methodology with transferability guidance (Objective 

6). 
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Figure 22. Research Objectives Achievement Framework 

6.4 Limitations and Boundary Conditions 

The framework implementation revealed several technical limitations to be considered: 

− Technical Limitations: IFC export implementation variations across BIM software platforms require 

careful validation and potentially platform-specific adaptations. The current focus on structural 

elements with well-defined geometric properties necessitates additional development for architectural, 

mechanical, and electrical systems. Validation platform dependencies on specific tools may create 

implementation barriers for organizations lacking access or programming capabilities. 

− Organizational Limitations: Transition from established manual workflows involves temporary 

productivity reductions requiring careful change management. The shift from individual expertise-

based estimation to systematic, rule-based approaches may encounter resistance from experienced 

estimators relying on tacit knowledge. Implementation requires upfront investments in training, 

software configuration, and process development that may present barriers for smaller organizations. 

− Process Limitations: Successful implementation depends on model data quality and rigorous CBS-

IFC classification mapping. The learning curve associated with new digital workflows highlights the 

importance of incremental, well-supported adoption strategies. 

These limitations emphasize that sustainable BIM-based cost estimation implementation requires 

aligning technical capabilities with broader organizational digital transformation strategies, positioning 

the framework as both a project-level efficiency tool and a pathway toward industry-wide advancement. 
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7 CONCLUSION AND FUTURE DIRECTIONS 

7.1 Synthesis and Framework Validation Conclusions 

The validation process confirms that the integrated BIM-to-cost estimation framework successfully 

addresses the core challenges identified in the research problem. The systematic approach to information 

requirements, automated validation, and cost database integration provides a robust foundation for 

transforming construction cost estimation practice and advancing digital workflows within the built 

environment. By demonstrating that quantity take-off, cost coding, and estimation can be seamlessly 

aligned, the research establishes a repeatable methodology that bridges technical modelling and financial 

decision-making.] 

The AS-IS versus TO-BE workflow analysis demonstrates significant improvements in process 

integration, quality control, and traceability. Stakeholder feedback confirms organizational readiness for 

adoption while highlighting specific training and change management requirements. These findings 

underscore that digital transformation is not purely a technical challenge but also an organizational one, 

requiring targeted capacity building and structured implementation planning. Strategic implications 

extend beyond the immediate benefits of improved accuracy and efficiency, suggesting that the 

framework can act as a catalyst for broader industry transformation and data-driven management 

practices. 

The framework’s foundation on open standards and modular design supports scalable adoption across 

different organizational contexts and software environments. This reliance on IFC, IDS, and open-

source tools ensures that the methodology remains transparent, adaptable, and vendor-neutral, 

characteristics that directly address concerns about interoperability and technological lock-in often 

raised in BIM adoption studies. Moreover, the validation confirms that open-standard, model-based 

workflows can consistently produce repeatable quantity outputs that map directly to structured cost 

databases, reducing manual effort and accelerating early design iterations. 

However, successful implementation requires careful attention to technical constraints, organizational 

readiness, and change management requirements. Organizations considering similar approaches should 

evaluate their BIM maturity, cost management infrastructure, and capability development needs before 

proceeding with implementation. Limitations such as dependency on model quality, the need for 

rigorous mapping logic between IFC and CBS classifications, and the learning curve associated with 

new digital workflows highlight the importance of incremental, well-supported adoption strategies. 

The validation results provide strong evidence that structured, standards-based approaches to BIM-cost 

integration can deliver significant improvements in estimation accuracy, process efficiency, and 

strategic decision-making capability. These outcomes support broader industry adoption of similar 
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methodologies while highlighting the importance of systematic implementation planning and 

organizational change management. Beyond the technical outcomes, the validation underscores that 

sustainable implementation of BIM-based cost estimation depends on aligning process integration with 

wider organizational and industry digital transformation agendas. In this sense, the framework is 

positioned not only as a tool for project-level efficiency but also as a pathway toward long-term industry-

wide adoption. 

By maintaining synchronization between extracted quantities, cost data, and design intent, the 

methodology supports accurate, up-to-date cost information throughout the project lifecycle. This 

implementation demonstrates that BIM-to-cost integration can be achieved using open-source tools, 

avoiding reliance on proprietary software while remaining compatible with industry-standard 

workflows. The approach provides a scalable template for deriving reliable cost data directly from IFC 

models, confirming that end-to-end model-based estimating is both technically feasible and 

methodologically sound.  

7.2 Future Work And Research Extensions 

The successful validation of the integrated BIM-to-cost estimation framework establishes a foundation 

for continued advancement in automated construction cost management and investment analysis. The 

following ley directions are identified. 

1. Intelligent Automation and AI Integration: Machine learning techniques could complement 

deterministic workflows by learning from historical projects to recommend property requirements, 

predict cost ranges, or proactively flag modelling practices that risk non-compliance. Such 

extensions would shift the framework from automation toward decision support, improving both 

adaptability and accuracy. 

2. Database Integration and Visualization Advancement: Future developments should integrate 

real-time cost data from national databases, suppliers, and market intelligence, replacing static 

values with dynamic pricing systems. Interactive dashboards could translate automated cost outputs 

into strategic insights for executives, supporting collaborative decision-making across technical and 

financial stakeholders. 

3. Domain-Specific Applications and Scalability: Linking cost estimation with financial indicators 

such as NPV, IRR, and lifecycle cost projections would transform the framework from an 

operational tool into a strategic investment planning system, aligning BIM-based estimation with 

broader capital planning and portfolio management needs. 

4. Industry Adoption and Implementation Strategy: Broader implementation requires training 

programs, standardized practices, and organizational change management strategies. Adoption 

should be incremental, supported by guidance that addresses role-specific competencies and 
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readiness levels. Establishing industry benchmarks and certification systems would further 

strengthen confidence in automated cost estimation. 

Combining these extensions with the validated core methodology allows the framework to evolve from 

a project-level efficiency tool into a cornerstone of digital construction management. In this way, the 

research not only addresses the initial problem statement but also establishes a roadmap for future 

exploration at the intersection of BIM, cost management, and strategic digital transformation. 
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APPENDIX A 

Python Script for IFC-Based Quantity Take-Off and Cost Estimation 

The following Python script implements the automated workflow developed in this research for 

extracting quantities from IFC models and linking them with cost databases. The code integrates 

IfcOpenShell for geometry handling, pandas for data processing, and DBCOM mappings for cost 

estimation. 

 

import argparse 

import math 

import os 

from typing import Any, Dict, List, Optional, Tuple, Callable 

 

import ifcopenshell 

import ifcopenshell.geom 

import pandas as pd 

import unicodedata, re 

from decimal import Decimal, InvalidOperation, ROUND_HALF_UP, getcontext 

 

PI = math.pi 

 

CABLE_STEP_M   = 0.10   # spacing 

CABLE_EXTRA_M  = 8.0    # extra per bundle 

CABLE_WEIGHT_KGPM = 1.24 

 

STEEL_DENOM      = 1.14 

STEEL_FACTOR     = 21.3 

STEEL_MULT_10_2  = 2.64 

STEEL_MULT_10_3  = 5.0 

TEN_THOUSAND_TWO_HUNDRED = 12000.0  # for 10.6 divisor 

 

FLOOR_THICKNESS_M = 0.25 

 

TWELVE_ONE_PCT = 0.05 

TWELVE_TWO_PCT = 0.03 

TARGET_FOR_12 = 

["4.1","4.2","4.3","4.4","8.1","8.2","8.3","8.4","9.1","9.2","9.3","9.4"] 

COL7_ONLY_CODES = {"12.1", "12.2"} 

 

EXPECTED_INPUT_LABELS = ["CBS", "CPU", "DESCRIPTION", "IFC Quant", "IFC Unit", 

"Unit Price", "TOTAL"] 

 

getcontext().prec = 28 
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def safe_float(v): 

    try: 

        return float(v) 

    except: 

        return 0.0 

 

def should_skip_row(cbs_value: Any) -> bool: 

    if cbs_value is None or (isinstance(cbs_value, float) and pd.isna(cbs_value)): 

        return True 

    s = str(cbs_value).strip() 

    if not s: 

        return True 

    return s.upper() == "CPU" 

 

def is_group_header(item_str: str) -> bool: 

    try: 

        return str(item_str).strip().isdigit() 

    except: 

        return False 

 

def normalize_code(val: Any) -> str: 

    if val is None or (isinstance(val, float) and pd.isna(val)): 

        return "" 

    s = str(val).replace("\xa0", " ").strip() 

    s = "".join(c for c in unicodedata.normalize("NFKD", s) if not 

unicodedata.combining(c)) 

    s = s.replace("–", "-").replace("—", "-").replace("−", "-") 

    s = re.sub(r"\s+", "", s) 

    return s.upper() 

 

def normalize_name(val: Any) -> str: 

    if val is None or (isinstance(val, float) and pd.isna(val)): 

        return "" 

    s = str(val).replace("\xa0", " ").strip() 

    s = "".join(c for c in unicodedata.normalize("NFKD", s) if not 

unicodedata.combining(c)) 

    s = re.sub(r"\s+", " ", s) 

    return s.upper() 

 

def _norm_label(s: object) -> str: 

    if s is None or (isinstance(s, float) and pd.isna(s)): return "" 

    s = str(s).replace("\xa0", " ").strip() 

    s = "".join(c for c in unicodedata.normalize("NFKD", s) if not 
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unicodedata.combining(c)) 

    s = re.sub(r"[^A-Za-z0-9]+", "", s) 

    return s.upper() 

 

 

def get_units(model) -> Dict[str, Any]: 

    u = {"LENGTHUNIT": None, "AREAUNIT": None, "VOLUMEUNIT": None} 

    try: 

        prj = model.by_type("IfcProject")[0] 

        for uu in prj.UnitsInContext.Units: 

            if uu.UnitType in u and not u[uu.UnitType]: 

                u[uu.UnitType] = uu 

    except: 

        pass 

    return u 

 

def _scale(si_or_conv_unit) -> float: 

    if not si_or_conv_unit: 

        return 1.0 

    try: 

        if si_or_conv_unit.is_a("IfcSIUnit"): 

            prefix = str(getattr(si_or_conv_unit, "Prefix", None)).upper() if 

getattr(si_or_conv_unit, "Prefix", None) else "" 

            base = {"MILLI":1e-3, "CENTI":1e-2, "DECI":1e-1, 

"KILO":1e3}.get(prefix, 1.0) 

            ut = si_or_conv_unit.UnitType 

            if ut == "AREAUNIT":   return base**2 

            if ut == "VOLUMEUNIT": return base**3 

            return base 

        if si_or_conv_unit.is_a("IfcConversionBasedUnit"): 

            mwu = si_or_conv_unit.ConversionFactor 

            num = float(mwu.ValueComponent.wrappedValue) 

            ut  = si_or_conv_unit.UnitType 

            if ut == "AREAUNIT":   return num**2 

            if ut == "VOLUMEUNIT": return num**3 

            return num 

        return 1.0 

    except: 

        return 1.0 

 

def _length_scale_with_override(units, punit, override: str) -> float: 

    if override == "m":  return 1.0 

    if override == "cm": return 1e-2 

    if override == "mm": return 1e-3 

    return _scale(punit or units["LENGTHUNIT"])  # "auto" 
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def convert_to_si(val, pname, units, punit=None, length_override="auto"): 

    v = safe_float(val) 

    if pname in ("COMPRIMENTO","LARGURA","ALTURA"): 

        return v * _length_scale_with_override(units, punit, length_override) 

    if pname == "AREA DE FORMA": 

        return v * _scale(punit or units["AREAUNIT"]) 

    if pname == "VOLUME": 

        return v * _scale(punit or units["VOLUMEUNIT"]) 

    return v 

 

 

ZT_PSETS = [ 

    "ZT Bloco","ZT Coluna","ZT Viga","ZT Laje", 

    "ZT Estaca","ZT Parede","ZT Consolo","ZT Acessório" 

] 

 

def get_prop(el, pset_name, prop_name): 

    try: 

        for rel in getattr(el, "IsDefinedBy", []) or []: 

            if rel.is_a("IfcRelDefinesByProperties"): 

                pset = rel.RelatingPropertyDefinition 

                if getattr(pset, "Name", None) == pset_name: 

                    for p in getattr(pset, "HasProperties", []) or []: 

                        if getattr(p, "Name", None) == prop_name: 

                            nv = getattr(p, "NominalValue", None) 

                            val = getattr(nv, "wrappedValue", nv) if nv else None 

                            return val, getattr(p, "Unit", None) 

    except: 

        pass 

    return None, None 

 

def get_zt(el, prop_name): 

    for ps in ZT_PSETS: 

        val, unit = get_prop(el, ps, prop_name) 

        if val is not None: 

            return val, unit 

    return None, None 

 

 

_WALL_RADIUS_CACHE: Dict[str, Optional[float]] = {} 

 

def wall_radius_from_geometry(el): 

    gid = getattr(el, "GlobalId", None) 

    if gid in _WALL_RADIUS_CACHE: 
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        return _WALL_RADIUS_CACHE[gid] 

 

    try: 

        if el.Representation: 

            for rep in el.Representation.Representations or []: 

                for item in rep.Items or []: 

                    if item.is_a("IfcExtrudedAreaSolid") and item.SweptArea and 

item.SweptArea.is_a("IfcCircleProfileDef"): 

                        r = safe_float(item.SweptArea.Radius) 

                        if r > 0: 

                            _WALL_RADIUS_CACHE[gid] = r 

                            return r 

    except: 

        pass 

 

    try: 

        settings = ifcopenshell.geom.settings() 

        settings.set(settings.USE_WORLD_COORDS, True) 

        shape = ifcopenshell.geom.create_shape(settings, el) 

        verts = getattr(shape.geometry, "verts", []) 

        if not verts: 

            _WALL_RADIUS_CACHE[gid] = None 

            return None 

        xs = verts[0::3]; ys = verts[1::3] 

        cx = sum(xs)/len(xs); cy = sum(ys)/len(ys) 

        r = max((math.hypot(x-cx, y-cy) for x, y in zip(xs, ys)), default=0.0) 

        _WALL_RADIUS_CACHE[gid] = r if r > 0 else None 

        return _WALL_RADIUS_CACHE[gid] 

    except Exception: 

        _WALL_RADIUS_CACHE[gid] = None 

        return None 

 

 

IFC_CLASSES = 

["IfcPile","IfcFooting","IfcColumn","IfcWall","IfcSlab","IfcBeam","IfcDiscreteAcces

sory"] 

 

def extract_elements(ifc_path, length_override="auto"): 

    m = ifcopenshell.open(ifc_path) 

    units = get_units(m) 

    rows = [] 

    for cls in IFC_CLASSES: 

        for el in m.by_type(cls): 

            rec = { 

                "ifc_class": cls, 
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                "raw": el, 

                "GlobalId": getattr(el, "GlobalId", ""), 

                "Name": normalize_name(getattr(el, "Name", "")), 

                "CBS Code": "", 

                "VOLUME": 0.0, 

                "AREA DE FORMA": 0.0, 

                "COMPRIMENTO": 0.0, 

                "LARGURA": 0.0, 

                "ALTURA": 0.0, 

                "CBS Rebar Ratio": 0.0, 

                "CBS Total Rebar": 0.0, 

            } 

            for p in ["VOLUME","AREA DE FORMA","COMPRIMENTO","LARGURA","ALTURA"]: 

                v,u = get_zt(el, p) 

                if v is not None: 

                    rec[p] = convert_to_si(v, p, units, u, 

length_override=length_override) 

            cbs,_ = get_prop(el, "CostEstimation", "CBS Code") 

            if cbs: rec["CBS Code"] = str(cbs).strip() 

            rr,_  = get_prop(el, "CostEstimation", "CBS Rebar Ratio (kg per m3)") 

            if rr: rec["CBS Rebar Ratio"] = safe_float(rr) 

            tr,_  = get_prop(el, "CostEstimation", "CBS Total Rebar") 

            if tr: rec["CBS Total Rebar"] = safe_float(tr) 

            rows.append(rec) 

    return rows 

 

 

CBS_ELEMENTS = { 

    "5":   ["IfcBeam","IfcSlab"], 

    "5.3": ["IfcBeam","IfcSlab"], 

    "6.3": ["IfcDiscreteAccessory","IfcSlab","IfcBeam"], 

    "7":   ["IfcBeam","IfcSlab"], 

    "8":   ["IfcBeam","IfcSlab"], 

    "9":   ["IfcBeam","IfcSlab"], 

} 

 

def match_cbs_elements(all_elems, item_code) -> Tuple[List[Dict], str]: 

    parts = item_code.split(".") 

    while parts: 

        code = ".".join(parts) 

        matched = [e for e in all_elems if e["CBS Code"].startswith(code)] 

        if matched: 

            allowed = CBS_ELEMENTS.get(code) 

            if allowed: 

                matched = [e for e in matched if e["ifc_class"] in allowed] 
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            return matched, code 

        parts = parts[:-1] 

    return [], "" 

 

def elems_for(item: str, all_elems: List[Dict], class_filter: Optional[List[str]] = 

None) -> List[Dict]: 

    elems, _ = match_cbs_elements(all_elems, item) 

    if class_filter: 

        elems = [e for e in elems if e["ifc_class"] in class_filter] 

    return elems 

 

def sum_prop(elems, pname): return sum(e.get(pname, 0.0) for e in elems) 

 

def sum_rebar(elems): 

    total = 0.0 

    for e in elems: 

        r = e.get("CBS Total Rebar", 0.0) 

        if r == 0.0: 

            r = e.get("VOLUME", 0.0) * e.get("CBS Rebar Ratio", 0.0) 

        total += r 

    return total 

 

def count_named_columns(all_elems, target_name="COLUNA DE PROTENSAO") -> int: 

    target_norm = normalize_name(target_name) 

    return sum(1 for e in all_elems if e["ifc_class"] == "IfcColumn" and 

e.get("Name","") == target_norm) 

 

def largest_silo_area_and_perimeter(all_elems): 

    walls = [e for e in all_elems if e["ifc_class"] == "IfcWall"] 

    max_r = 0.0 

    for w in walls: 

        r = wall_radius_from_geometry(w["raw"]) 

        if r and r > max_r: 

            max_r = r 

    if max_r <= 0: 

        return 0.0, 0.0 

    return PI * max_r * max_r, 2.0 * PI * max_r 

 

 

 

 

RuleFn = Callable[[List[Dict], Dict[str, float], argparse.Namespace, str], 

Tuple[float, str]] 

RULES: Dict[str, RuleFn] = {} 
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def rule_site_area(all_elems, cache, args, item): 

    if "site_area" not in cache or "site_perimeter" not in cache: 

        a, p = largest_silo_area_and_perimeter(all_elems) 

        cache["site_area"] = a 

        cache["site_perimeter"] = p 

    return cache["site_area"], "m2" 

 

def rule_2_1(all_elems, cache, args, item): 

    return sum_prop(elems_for(item, all_elems), "COMPRIMENTO"), "m" 

 

def rule_2_2(all_elems, cache, args, item): 

    return float(sum(1 for e in elems_for(item, all_elems) if e["ifc_class"] == 

"IfcPile")), "un" 

 

def footing_excavation(elems): 

    tot = 0.0 

    for e in elems: 

        L = e.get("COMPRIMENTO", 0.0) 

        W = e.get("LARGURA", 0.0) 

        H = e.get("ALTURA", 0.0) 

        tot += (L + 0.6) * (W + 0.6) * H 

    return tot 

 

def footing_blinding_area(elems): 

    tot = 0.0 

    for e in elems: 

        L = e.get("COMPRIMENTO", 0.0) 

        W = e.get("LARGURA", 0.0) 

        tot += (L + 0.6) * (W + 0.6) 

    return tot 

 

def rule_3_1(all_elems, cache, args, item): 

    q = footing_excavation(elems_for(item, all_elems)) 

    cache["3.1"] = q 

    return q, "m3" 

 

def rule_3_6(all_elems, cache, args, item): 

    q = sum_prop(elems_for(item, all_elems), "VOLUME") 

    cache["3.6"] = q 

    return q, "m3" 

 

def rule_3_2(all_elems, cache, args, item): 

    if "3.1" not in cache: cache["3.1"],_ = rule_3_1(all_elems, cache, args, "3.1") 

    if "3.6" not in cache: cache["3.6"],_ = rule_3_6(all_elems, cache, args, "3.6") 

    return cache["3.1"] - cache["3.6"], "m3" 
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def rule_3_3(all_elems, cache, args, item): 

    return footing_blinding_area(elems_for(item, all_elems)), "m2" 

 

def rule_sum_formwork(all_elems, cache, args, item, classes=None): 

    value = sum_prop(elems_for(item, all_elems, classes), "AREA DE FORMA") 

    if str(item).strip() == "6.1.1": 

        value *= 2 

    return value, "m2" 

 

def rule_sum_volume(all_elems, cache, args, item, classes=None): 

    return sum_prop(elems_for(item, all_elems, classes), "VOLUME"), "m3" 

 

def rule_sum_rebar(all_elems, cache, args, item, classes=None): 

    return sum_rebar(elems_for(item, all_elems, classes)), "kg" 

 

def rule_4_3(all_elems, cache, args, item): 

    q = sum_prop(elems_for(item, all_elems, ["IfcColumn"]), "VOLUME") 

    cache["4.3"] = q 

    return q, "m3" 

 

def rule_4_5(all_elems, cache, args, item): 

    if "4.3" not in cache: 

        cache["4.3"],_ = rule_4_3(all_elems, cache, args, "4.3") 

    return math.ceil(cache["4.3"] / 10.0), "d" 

 

def rule_5_3(all_elems, cache, args, item): 

    elems = elems_for(item, all_elems, ["IfcBeam","IfcSlab"]) 

    total_kg = 0.0 

    total_cables = 0 

    for e in elems: 

        L = e.get("COMPRIMENTO", 0.0) 

        H = e.get("ALTURA", 0.0) 

        n_cables = max(0, math.ceil(L / CABLE_STEP_M)) 

        per_elem_kg = ((H * PI) + CABLE_EXTRA_M) * n_cables * CABLE_WEIGHT_KGPM 

        total_kg += per_elem_kg 

        total_cables += n_cables 

        if "5.3" in args.debug_cbs: 

            print(f"[5.3] {e['ifc_class']} GID={e.get('GlobalId','')}: L={L:.3f} 

H={H:.3f} cables={n_cables} kg={per_elem_kg:.2f}") 

    cache["5.3_cables"] = total_cables 

    return total_kg, "kg" 

 

def rule_5_4(all_elems, cache, args, item): 

    if "5.3_cables" not in cache: 
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        cache["5.3"],_ = rule_5_3(all_elems, cache, args, "5.3") 

    num_cols = count_named_columns(all_elems, "COLUNA DE PROTENSAO") 

    return float(cache.get("5.3_cables", 0)) * float(num_cols), "un" 

 

def rule_6_1_3(all_elems, cache, args, item): 

    elems = elems_for(item, all_elems, ["IfcWall"]) 

    total_kg = 0.0 

    total_cables = 0 

    for e in elems: 

        L = e.get("COMPRIMENTO", 0.0) 

        H = e.get("ALTURA", 0.0) 

        n_cables = max(0, math.ceil(L / CABLE_STEP_M)) 

        per_elem_kg = ((H * PI) + CABLE_EXTRA_M) * n_cables * CABLE_WEIGHT_KGPM 

        total_kg += per_elem_kg 

        total_cables += n_cables 

        if "6.1.3" in args.debug_cbs: 

            print(f"[6.1.3] {e['ifc_class']} GID={e.get('GlobalId','')}: L={L:.3f} 

H={H:.3f} cables={n_cables} kg={per_elem_kg:.2f}") 

    cache["6.1.3_cables"] = total_cables 

    return total_kg, "kg" 

 

def rule_6_1_4(all_elems, cache, args, item): 

    if "6.1.3_cables" not in cache: 

        cache["6.1.3"],_ = rule_6_1_3(all_elems, cache, args, "6.1.3") 

    num_cols = count_named_columns(all_elems, "COLUNA DE PROTENSAO") 

    return float(cache.get("6.1.3_cables", 0)) * float(num_cols), "un" 

 

def rule_8_5(all_elems, cache, args, item): 

    if "8.3" not in cache: 

        cache["8.3"],_ = rule_sum_volume(all_elems, cache, args, "8.3", 

["IfcBeam","IfcSlab"]) 

    return cache["8.3"] / 10.0, "d" 

 

def rule_9_5(all_elems, cache, args, item): 

    if "9.3" not in cache: 

        cache["9.3"],_ = rule_sum_volume(all_elems, cache, args, "9.3", 

["IfcBeam","IfcSlab"]) 

    return cache["9.3"] / 10.0, "d" 

 

def rule_10_1(all_elems, cache, args, item): 

    if "site_area" not in cache or "site_perimeter" not in cache: 

        a, p = largest_silo_area_and_perimeter(all_elems); cache["site_area"]=a; 

cache["site_perimeter"]=p 

    return cache["site_area"] * 32.0, "kg" 
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def rule_10_4(all_elems, cache, args, item): 

    q,_ = rule_10_1(all_elems, cache, args, "10.1") 

    return q, "kg" 

 

def rule_10_6(all_elems, cache, args, item): 

    q104,_ = rule_10_4(all_elems, cache, args, "10.4") 

    return math.ceil(q104 / TEN_THOUSAND_TWO_HUNDRED), "un" 

 

def rule_perimeter_combo(all_elems, cache, args, item, mult: float, unit: str = 

""): 

    if "site_perimeter" not in cache or "site_area" not in cache: 

        a, p = largest_silo_area_and_perimeter(all_elems); cache["site_area"]=a; 

cache["site_perimeter"]=p 

    P = cache["site_perimeter"] 

    return (P / STEEL_DENOM) * STEEL_FACTOR * mult, unit 

 

def rule_10_2(all_elems, cache, args, item): return rule_perimeter_combo(all_elems, 

cache, args, item, STEEL_MULT_10_2, "kg") 

def rule_10_3(all_elems, cache, args, item): return rule_perimeter_combo(all_elems, 

cache, args, item, STEEL_MULT_10_3, "un") 

def rule_10_5(all_elems, cache, args, item): return rule_perimeter_combo(all_elems, 

cache, args, item, 1.0, "m2") 

 

def rule_11_area(all_elems, cache, args, item): 

    if "site_area" not in cache or "site_perimeter" not in cache: 

        a, p = largest_silo_area_and_perimeter(all_elems); cache["site_area"]=a; 

cache["site_perimeter"]=p 

    return cache["site_area"], "m2" 

 

def rule_11_3(all_elems, cache, args, item): 

    q,_ = rule_11_area(all_elems, cache, args, "11.1") 

    return q * 2.0, "m2" 

 

def rule_11_volume_quarter(all_elems, cache, args, item): 

    q,_ = rule_11_area(all_elems, cache, args, "11.1") 

    return q * FLOOR_THICKNESS_M, "m3" 

 

def _reg(): 

    RULES["1.1"] = rule_site_area 

    RULES["1.2"] = rule_site_area 

    RULES["2.1"] = rule_2_1 

    RULES["2.2"] = rule_2_2 

    RULES["3.1"] = rule_3_1 

    RULES["3.2"] = rule_3_2 

    RULES["3.3"] = rule_3_3 
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    RULES["3.4"] = lambda ae,c,a,i: rule_sum_formwork(ae,c,a,"3.4",None) 

    RULES["3.5"] = lambda ae,c,a,i: rule_sum_rebar(ae,c,a,"3.5",None) 

    RULES["3.6"] = rule_3_6 

    RULES["3.7"] = lambda ae,c,a,i: rule_sum_volume(ae,c,a,"3.7",None) 

    RULES["4.1"] = lambda ae,c,a,i: rule_sum_formwork(ae,c,a,"4.1",["IfcColumn"]) 

    RULES["4.2"] = lambda ae,c,a,i: rule_sum_rebar(ae,c,a,"4.2",["IfcColumn"]) 

    RULES["4.3"] = rule_4_3 

    RULES["4.4"] = lambda ae,c,a,i: rule_sum_volume(ae,c,a,"4.4",["IfcColumn"]) 

    RULES["4.5"] = rule_4_5 

    RULES["5.1"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"5.1",["IfcBeam","IfcSlab"]) 

    RULES["5.2"] = lambda ae,c,a,i: 

rule_sum_rebar(ae,c,a,"5.2",["IfcBeam","IfcSlab"]) 

    RULES["5.3"] = rule_5_3 

    RULES["5.4"] = rule_5_4 

    RULES["5.5"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"5.5",["IfcBeam","IfcSlab"]) 

    RULES["5.6"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"5.6",["IfcBeam","IfcSlab"]) 

    RULES["6.1.1"] = lambda ae,c,a,i: rule_sum_formwork(ae,c,a,"6.1.1",["IfcWall"]) 

    RULES["6.1.2"] = lambda ae,c,a,i: rule_sum_rebar(ae,c,a,"6.1.2",["IfcWall"]) 

    RULES["6.1.3"] = rule_6_1_3 

    RULES["6.1.4"] = rule_6_1_4 

    RULES["6.1.5"] = lambda ae,c,a,i: rule_sum_volume(ae,c,a,"6.1.5",["IfcWall"]) 

    RULES["6.1.6"] = lambda ae,c,a,i: rule_sum_volume(ae,c,a,"6.1.6",["IfcWall"]) 

    RULES["6.1.7"] = lambda ae,c,a,i: rule_sum_formwork(ae,c,a,"6.1.7",["IfcWall"]) 

    RULES["6.1.8"] = lambda ae,c,a,i: rule_sum_formwork(ae,c,a,"6.1.8",["IfcWall"]) 

    RULES["6.2.1"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"6.2.1",["IfcColumn"]) 

    RULES["6.2.2"] = lambda ae,c,a,i: rule_sum_rebar(ae,c,a,"6.2.2",["IfcColumn"]) 

    RULES["6.2.3"] = lambda ae,c,a,i: rule_sum_volume(ae,c,a,"6.2.3",["IfcColumn"]) 

    RULES["6.2.4"] = lambda ae,c,a,i: rule_sum_volume(ae,c,a,"6.2.4",["IfcColumn"]) 

    RULES["6.3.1"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"6.3.1",["IfcDiscreteAccessory","IfcSlab","IfcBeam"]) 

    RULES["6.3.2"] = lambda ae,c,a,i: 

rule_sum_rebar(ae,c,a,"6.3.2",["IfcDiscreteAccessory","IfcSlab","IfcBeam"]) 

    RULES["6.3.3"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"6.3.3",["IfcDiscreteAccessory","IfcSlab","IfcBeam"]) 

    RULES["6.3.4"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"6.3.4",["IfcDiscreteAccessory","IfcSlab","IfcBeam"]) 

    RULES["7.1"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"7.1",["IfcBeam","IfcSlab"]) 

    RULES["7.2"] = lambda ae,c,a,i: 

rule_sum_rebar(ae,c,a,"7.2",["IfcBeam","IfcSlab"]) 

    RULES["7.3"] = lambda ae,c,a,i: 
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rule_sum_volume(ae,c,a,"7.3",["IfcBeam","IfcSlab"]) 

    RULES["7.4"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"7.4",["IfcBeam","IfcSlab"]) 

    RULES["8.1"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"8.1",["IfcBeam","IfcSlab"]) 

    RULES["8.2"] = lambda ae,c,a,i: 

rule_sum_rebar(ae,c,a,"8.2",["IfcBeam","IfcSlab"]) 

    RULES["8.3"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"8.3",["IfcBeam","IfcSlab"]) 

    RULES["8.4"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"8.4",["IfcBeam","IfcSlab"]) 

    RULES["8.5"] = rule_8_5 

    RULES["9.1"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"9.1",["IfcBeam","IfcSlab"]) 

    RULES["9.2"] = lambda ae,c,a,i: 

rule_sum_rebar(ae,c,a,"9.2",["IfcBeam","IfcSlab"]) 

    RULES["9.3"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"9.3",["IfcBeam","IfcSlab"]) 

    RULES["9.4"] = lambda ae,c,a,i: 

rule_sum_volume(ae,c,a,"9.4",["IfcBeam","IfcSlab"]) 

    RULES["9.5"] = rule_9_5 

    RULES["9.6"] = lambda ae,c,a,i: 

rule_sum_formwork(ae,c,a,"9.6",["IfcBeam","IfcSlab"]) 

    RULES["10.1"] = rule_10_1 

    RULES["10.2"] = rule_10_2 

    RULES["10.3"] = rule_10_3 

    RULES["10.4"] = rule_10_4 

    RULES["10.5"] = rule_10_5 

    RULES["10.6"] = rule_10_6 

    RULES["11.1"] = rule_11_area 

    RULES["11.2"] = rule_11_area 

    RULES["11.3"] = rule_11_3 

    RULES["11.4"] = rule_11_volume_quarter 

    RULES["11.5"] = rule_11_volume_quarter 

    RULES["11.6"] = rule_11_area 

 

_reg() 

 

def calculate_item(item: str, all_elems: List[Dict], cache: Dict[str,float], args: 

argparse.Namespace) -> Tuple[float, str]: 

    if is_group_header(item): 

        return 0.0, "" 

    fn = RULES.get(item) 

    if fn: 

        return fn(all_elems, cache, args, item) 
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    return 0.0, "" 

 

 

def _norm_header(s: object) -> str: 

    if s is None or (isinstance(s, float) and pd.isna(s)): return "" 

    s = str(s).replace("\xa0", " ").strip().lower() 

    s = "".join(c for c in unicodedata.normalize("NFKD", s) if not 

unicodedata.combining(c)) 

    s = re.sub(r"[\s\._\-]+", " ", s) 

    return s 

 

def parse_currency_to_decimal(val: Any) -> Optional[Decimal]: 

    if val is None: 

        return None 

    if isinstance(val, (int, float)) and not pd.isna(val): 

        return Decimal(str(val)) 

    s = str(val).strip() 

    if not s: 

        return None 

    s = s.replace("R$", "").replace("r$", "").replace(" ", "") 

    try: 

        if "," in s and (s.rfind(",") > s.rfind(".")): 

            s = s.replace(".", "").replace(",", ".") 

            return Decimal(s) 

        s = s.replace(",", "") 

        return Decimal(s) 

    except Exception: 

        return None 

 

def load_dbcom_map(dbcom_path: str) -> Tuple[Dict[str, List[Decimal]], Dict[str, 

Any]]: 

    xls = pd.ExcelFile(dbcom_path) 

    target_sheet = None 

    for name in xls.sheet_names: 

        if name.strip().lower() == "cpu.s": 

            target_sheet = name; break 

    if target_sheet is None: 

        raise RuntimeError("Sheet 'CPU.S' not found in DBCOM workbook.") 

    df_raw = pd.read_excel(dbcom_path, sheet_name=target_sheet, header=None) 

    want1, want2 = "codigo", "unitario total" 

    header_row_idx = None 

    for i in range(min(50, len(df_raw))): 

        row_norm = [_norm_header(x) for x in df_raw.iloc[i].tolist()] 

        if want1 in row_norm and want2 in row_norm: 

            header_row_idx = i; break 
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    if header_row_idx is None: header_row_idx = 0 

    cols_norm = [_norm_header(x) for x in df_raw.iloc[header_row_idx].tolist()] 

    df = df_raw.iloc[header_row_idx + 1:].copy() 

    df.columns = cols_norm 

    def find_col(name, fallback_idx=None): 

        if name in df.columns: return name 

        if fallback_idx is not None and fallback_idx < len(df.columns): return 

df.columns[fallback_idx] 

        raise RuntimeError(f"Could not locate required column '{name}' in DBCOM 

'CPU.S'.") 

    codigo_col   = find_col("codigo",         fallback_idx=1) 

    unitario_col = find_col("unitario total", fallback_idx=7) 

    mapping: Dict[str, List[Decimal]] = {} 

    for code_raw, val_raw in zip(df[codigo_col], df[unitario_col]): 

        key = normalize_code(code_raw) 

        if not key: continue 

        num = parse_currency_to_decimal(val_raw) 

        if num is None: continue 

        mapping.setdefault(key, []).append(num) 

    debug = { 

        "sheet_used": target_sheet, 

        "header_row_index_0based": header_row_idx, 

        "columns_detected": list(df.columns), 

        "codigo_col": codigo_col, 

        "unitario_total_col": unitario_col, 

        "unique_codes": len(mapping), 

    } 

    return mapping, debug 

 

def lookup_dbcom_value(code: Any, db_map: Dict[str, List[Decimal]]) -> Any: 

    key = normalize_code(code) 

    if not key or key == "CPU": return "" 

    vals = db_map.get(key) 

    if not vals: return "NOT_FOUND" 

    if len(vals) > 1: return "MULTIPLE" 

    return vals[0].quantize(Decimal("0.01"), rounding=ROUND_HALF_UP) 

 

 

def _norm_input_label(s: object) -> str: 

    if s is None or (isinstance(s, float) and pd.isna(s)): return "" 

    s = str(s).strip().lower() 

    s = "".join(c for c in unicodedata.normalize("NFKD", s) if not 

unicodedata.combining(c)) 

    s = re.sub(r"\s+", " ", s) 

    return s 
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def find_input_header_and_columns(path_like: str) -> Tuple[pd.DataFrame, 

Dict[str,int], bool, pd.DataFrame]: 

    """ 

    Read CSV/XLSX, find the row containing all EXPECTED_INPUT_LABELS. 

    Returns: 

      df_data (rows AFTER the header row), 

      colmap{name->index}, 

      is_excel, 

      df_preamble (rows UP TO AND INCLUDING the header row, preserved as-is) 

    """ 

    lower = path_like.lower() 

    if lower.endswith((".xlsx", ".xls")): 

        df_raw = pd.read_excel(path_like, header=None); is_excel = True 

    else: 

        df_raw = pd.read_csv(path_like, header=None); is_excel = False 

 

    header_row_idx = None 

    for i in range(min(200, len(df_raw))): 

        row_norm = [_norm_input_label(x) for x in df_raw.iloc[i].tolist()] 

        row_set = set(row_norm) 

        if all(_norm_input_label(x) in row_set for x in EXPECTED_INPUT_LABELS): 

            header_row_idx = i 

            break 

    if header_row_idx is None: 

        raise RuntimeError("Could not find input header row with labels: " + ", 

".join(EXPECTED_INPUT_LABELS)) 

 

    header_vals = df_raw.iloc[header_row_idx].tolist() 

    norm_to_idx: Dict[str,int] = {} 

    for idx, val in enumerate(header_vals): 

        norm = _norm_input_label(val) 

        if norm: 

            norm_to_idx[norm] = idx 

 

    def need(lbl: str) -> int: 

        norm = _norm_input_label(lbl) 

        if norm not in norm_to_idx: 

            raise RuntimeError(f"Header row found, but missing expected column: 

{lbl}") 

        return norm_to_idx[norm] 

 

    colmap = { 

        "CBS": need("CBS"), 

        "CPU": need("CPU"), 
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        "DESCRIPTION": need("DESCRIPTION"), 

        "IFC Quant": need("IFC Quant"), 

        "IFC Unit": need("IFC Unit"), 

        "Unit Price": need("Unit Price"), 

        "TOTAL": need("TOTAL"), 

    } 

 

    df_preamble = df_raw.iloc[:header_row_idx+1].copy()       # keep as-is (pre-

header + header) 

    df_data     = df_raw.iloc[header_row_idx+1:].copy()       # to be processed 

 

    max_idx = max(colmap.values()) 

    n_cols_needed = max(df_raw.shape[1], max_idx + 1) 

 

    def widen(df: pd.DataFrame, ncols: int): 

        if df.shape[1] < ncols: 

            for _ in range(ncols - df.shape[1]): 

                df[df.shape[1]] = "" 

 

    widen(df_preamble, n_cols_needed) 

    widen(df_data, n_cols_needed) 

 

    return df_data.reset_index(drop=True), colmap, is_excel, df_preamble 

 

def write_table_any(df_out: pd.DataFrame, out_path: str, is_excel: bool): 

    if is_excel: df_out.to_excel(out_path, index=False, header=False) 

    else: df_out.to_csv(out_path, index=False, header=False) 

 

def col_total_sum_for_codes(df: pd.DataFrame, colmap: Dict[str,int], codes: 

List[str]) -> Decimal: 

    total = Decimal("0") 

    cbs_col = df.iloc[:, colmap["CBS"]].astype(str).str.strip() 

    for code in codes: 

        mask = cbs_col == code 

        for v in df.loc[mask, df.columns[colmap["TOTAL"]]].tolist(): 

            try: 

                f = Decimal(str(v)) 

            except (InvalidOperation, TypeError, ValueError): 

                continue 

            if not (f.is_nan() or f.is_infinite()): 

                total += f 

    return total 

 

def col_total_sum_all(df: pd.DataFrame, colmap: Dict[str,int], exclude_labels: 

Optional[List[str]] = None) -> Decimal: 
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    total = Decimal("0") 

    cbs_col = df.iloc[:, colmap["CBS"]].astype(str).str.strip() 

    excl = set(exclude_labels or []) 

    for cbs, v in zip(cbs_col, df.iloc[:, colmap["TOTAL"]]): 

        if cbs in excl: continue 

        try: 

            f = Decimal(str(v)) 

        except (InvalidOperation, TypeError, ValueError): 

            continue 

        if not (f.is_nan() or f.is_infinite()): 

            total += f 

    return total 

 

def set_total_for_code(df: pd.DataFrame, colmap: Dict[str,int], code: str, value: 

Decimal): 

    mask = df.iloc[:, colmap["CBS"]].astype(str).str.strip() == code 

    if not mask.any(): 

        ncols = df.shape[1] 

        new_row = ["" for _ in range(ncols)] 

        new_row[colmap["CBS"]] = code 

        new_row[colmap["TOTAL"]] = float(value) 

        df.loc[len(df)] = new_row 

    else: 

        df.loc[mask, df.columns[colmap["TOTAL"]]] = float(value) 

 

def clear_unit_price_for_codes(df: pd.DataFrame, colmap: Dict[str,int], codes: 

List[str]): 

    mask = df.iloc[:, colmap["CBS"]].astype(str).str.strip().isin(codes) 

    df.loc[mask, df.columns[colmap["Unit Price"]]] = "" 

 

 

def dump_elements_summary(elems: List[Dict], filename: str = 

"elements_summary.xlsx"): 

    dump = pd.DataFrame([ 

        {k: (v if k not in ("raw",) else "") for k, v in e.items()} 

        for e in elems 

    ]) 

    dump.to_excel(filename, index=False) 

 

 

def main(): 

    ap = argparse.ArgumentParser(description="CBS quantity extractor with DBCOM 

price lookup (+ Decimal money, header auto-detect, debug; preserves pre-header; 

elements dump by default)") 

    ap.add_argument("--ifc", default="IFC_SiloAqua.ifc", help="Path to IFC model") 
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    ap.add_argument("--in", dest="inp", default="CBS_input.xlsx", 

                    help="Input CBS list (CSV or XLSX) with headers 

(CBS/CPU/DESCRIPTION/IFC Quant/IFC Unit/Unit Price/TOTAL) in some row") 

    ap.add_argument("--dbcom", default="DBCOM.xlsx", help="Path to DBCOM workbook 

(expects sheet 'CPU.S')") 

    ap.add_argument("--length-unit-override", choices=["auto","m","cm","mm"], 

default="auto", 

                    help="Force interpret ZT lengths as m/cm/mm (bypasses 

UnitsInContext)") 

    ap.add_argument("--debug-cbs", nargs="*", default=[], help="CBS codes to debug 

(e.g. --debug-cbs 5.3 6.1.3)") 

    ap.add_argument("--keep-col6-for", nargs="*", default=[], help="CBS labels 

whose Unit Price must not be overwritten") 

    ap.add_argument("--no-elements-dump", action="store_true", help="Disable 

writing elements_summary.xlsx") 

 

    args = ap.parse_args() 

 

    if not os.path.exists(args.ifc): 

        print(f"  Missing IFC file: {args.ifc}"); return 

    if not os.path.exists(args.inp): 

        print(f"  Missing input file: {args.inp}"); return 

    if not os.path.exists(args.dbcom): 

        print(f"  Missing DBCOM file: {args.dbcom}"); return 

 

    elems = extract_elements(args.ifc, length_override=args.length_unit_override) 

 

    if not args.no_elements_dump: 

        dump_elements_summary(elems, "elements_summary.xlsx") 

        print("    Wrote elements_summary.xlsx") 

 

    try: 

        df_data, colmap, is_excel, df_preamble = 

find_input_header_and_columns(args.inp) 

    except Exception as e: 

        print(f"  {e}"); return 

 

    try: 

        db_map, dbg = load_dbcom_map(args.dbcom) 

        print(f"    DBCOM: using sheet '{dbg['sheet_used']}', header row index (0-

based): {dbg['header_row_index_0based']}") 

        print(f"    DBCOM: detected columns -> CÓDIGO: '{dbg['codigo_col']}', 

UNITÁRIO TOTAL: '{dbg['unitario_total_col']}'") 

        print(f"    DBCOM: indexed {dbg['unique_codes']} unique codes") 
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    except Exception as e: 

        print(f"  {e}"); return 

 

    CBS_IDX  = colmap["CBS"] 

    CPU_IDX  = colmap["CPU"] 

    QTY_IDX  = colmap["IFC Quant"] 

    UNIT_IDX = colmap["IFC Unit"] 

    PRICE_IDX= colmap["Unit Price"] 

    TOTAL_IDX= colmap["TOTAL"] 

 

    skipped = 0 

    cache: Dict[str, float] = {} 

    protected_labels = set(args.keep_col6_for) 

 

    for idx in range(len(df_data)): 

        cbs = df_data.iat[idx, CBS_IDX] 

        if should_skip_row(cbs) or is_group_header(str(cbs)): 

            for c in (QTY_IDX, UNIT_IDX, PRICE_IDX, TOTAL_IDX): 

                df_data.iat[idx, c] = "" 

            skipped += 1 

            continue 

 

        label = str(cbs).strip() 

        qty, unit = calculate_item(label, elems, cache, args) 

        cache[label] = qty 

        if (qty != 0.0) or (unit != ""): 

            df_data.iat[idx, QTY_IDX]  = qty 

            df_data.iat[idx, UNIT_IDX] = unit 

 

        if label not in COL7_ONLY_CODES and label not in protected_labels: 

            code_for_lookup = df_data.iat[idx, CPU_IDX] if df_data.shape[1] > 

CPU_IDX else "" 

            looked = lookup_dbcom_value(code_for_lookup, db_map) 

            if isinstance(looked, Decimal): 

                df_data.iat[idx, PRICE_IDX] = 

float(looked.quantize(Decimal("0.01"), rounding=ROUND_HALF_UP)) 

            else: 

                df_data.iat[idx, PRICE_IDX] = looked  # NOT_FOUND / MULTIPLE / "" 

 

        val_qty = df_data.iat[idx, QTY_IDX] 

        val_price = df_data.iat[idx, PRICE_IDX] 

        try: 

            q = Decimal(str(val_qty)) 

            p = Decimal(str(val_price)) 

            if not (q.is_nan() or p.is_nan() or q.is_infinite() or 
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p.is_infinite()): 

                df_data.iat[idx, TOTAL_IDX] = float((q * 

p).quantize(Decimal("0.01"), rounding=ROUND_HALF_UP)) 

        except (InvalidOperation, TypeError, ValueError): 

            pass 

 

    if skipped: 

        print(f"    Skipped {skipped} data row(s) where CBS was empty, 'CPU', or 

header-like (digits only).") 

 

    base_sum = col_total_sum_for_codes(df_data, colmap, TARGET_FOR_12) 

    val_121 = (base_sum * Decimal(str(TWELVE_ONE_PCT))).quantize(Decimal("0.01"), 

rounding=ROUND_HALF_UP) 

    val_122 = (base_sum * Decimal(str(TWELVE_TWO_PCT))).quantize(Decimal("0.01"), 

rounding=ROUND_HALF_UP) 

    set_total_for_code(df_data, colmap, "12.1", val_121) 

    set_total_for_code(df_data, colmap, "12.2", val_122) 

    clear_unit_price_for_codes(df_data, colmap, list(COL7_ONLY_CODES))  # force 

Unit Price blank for 12.x 

 

    grand_total = col_total_sum_all(df_data, colmap, exclude_labels=["CBS TOTAL"]) 

    set_total_for_code(df_data, colmap, "CBS TOTAL", 

grand_total.quantize(Decimal("0.01"), rounding=ROUND_HALF_UP)) 

 

    print(f"    Post-calcs: base sum for 12.x = {base_sum:.2f} -> 12.1 = 

{val_121:.2f}, 12.2 = {val_122:.2f}") 

    print(f"    CBS TOTAL (sum of all TOTAL) = {grand_total:.2f}") 

 

    df_out = pd.concat([df_preamble, df_data], ignore_index=True) 

 

    ext = ".xlsx" if is_excel else ".csv" 

    out_path = os.path.join(os.path.dirname(args.inp) or ".", f"CBS_output{ext}") 

    write_table_any(df_out, out_path, is_excel) 

 

    if cache.get("site_area", 0.0) == 0.0: 

        print("    Site area/perimeter = 0. If your silo wall is circular, enable 

ifcopenshell with OCC for geometry.") 

    print(f"   Wrote results to: {out_path}") 

 

if __name__ == "__main__": 

    main() 
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APPENDIX B 

IDS Specifications 

This appendix presents the IDS (Information Delivery Specification) XML file used to define the 

required properties and unit checking for the structural elements modelled in the BIM workflow. 

<?xml version="1.0" encoding="UTF-8"?> 

<ids xmlns="http://standards.buildingsmart.org/IDS"> 

  <specifications> 

 

    <!-- IfcPile --> 

    <specification applicability="ifc:IfcPile"> 

      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="ZT Estaca" property="COMPRIMENTO" unit="m"/> 

    </specification> 

 

    <!-- IfcColumn --> 

    <specification applicability="ifc:IfcColumn"> 

      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="CostEstimation" property="CBS Rebar Ratio"/> 

      <requirement propertyset="ZT Coluna" property="COMPRIMENTO" unit="m"/> 

      <requirement propertyset="ZT Coluna" property="LARGURA" unit="m"/> 

      <requirement propertyset="ZT Coluna" property="ALTURA" unit="m"/> 

      <requirement propertyset="ZT Coluna" property="AREA DE FORMA" unit="m2"/> 

      <requirement propertyset="ZT Coluna" property="VOLUME" unit="m3"/> 

    </specification> 

 

    <!-- IfcSlab --> 

    <specification applicability="ifc:IfcSlab"> 
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      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="CostEstimation" property="CBS Rebar Ratio"/> 

      <requirement propertyset="ZT Laje" property="COMPRIMENTO" unit="m"/> 

      <requirement propertyset="ZT Laje" property="LARGURA" unit="m"/> 

      <requirement propertyset="ZT Laje" property="ALTURA" unit="m"/> 

      <requirement propertyset="ZT Laje" property="AREA DE FORMA" unit="m2"/> 

      <requirement propertyset="ZT Laje" property="VOLUME" unit="m3"/> 

    </specification> 

 

    <!-- IfcBeam --> 

    <specification applicability="ifc:IfcBeam"> 

      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="CostEstimation" property="CBS Rebar Ratio"/> 

      <requirement propertyset="ZT Viga" property="COMPRIMENTO" unit="m"/> 

      <requirement propertyset="ZT Viga" property="LARGURA" unit="m"/> 

      <requirement propertyset="ZT Viga" property="ALTURA" unit="m"/> 

      <requirement propertyset="ZT Viga" property="AREA DE FORMA" unit="m2"/> 

      <requirement propertyset="ZT Viga" property="VOLUME" unit="m3"/> 

    </specification> 

 

    <!-- IfcDiscreteAccessory --> 

    <specification applicability="ifc:IfcDiscreteAccessory"> 

      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="CostEstimation" property="CBS Rebar Ratio"/> 

      <requirement propertyset="ZT Consolo" property="COMPRIMENTO" unit="m"/> 

      <requirement propertyset="ZT Consolo" property="LARGURA" unit="m"/> 

      <requirement propertyset="ZT Consolo" property="ALTURA" unit="m"/> 

      <requirement propertyset="ZT Consolo" property="AREA DE FORMA" unit="m2"/> 



88 

Goulart Weber, A. 2025. BIM-Enabled Cost Estimation: A Framework for Automated Quantity Extraction and Database Integration 

Master Thesis. Ljubljana, UL FGG, Second Cycle Master Study Programme Building Information Modelling - BIM A+ 

 
      <requirement propertyset="ZT Consolo" property="VOLUME" unit="m3"/> 

    </specification> 

 

    <!-- IfcWall --> 

    <specification applicability="ifc:IfcWall"> 

      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="CostEstimation" property="CBS Rebar Ratio"/> 

      <requirement propertyset="ZT Parede" property="COMPRIMENTO" unit="m"/> 

      <requirement propertyset="ZT Parede" property="ESPESSURA" unit="m"/> 

      <requirement propertyset="ZT Parede" property="ALTURA" unit="m"/> 

      <requirement propertyset="ZT Parede" property="AREA DE FORMA" unit="m2"/> 

      <requirement propertyset="ZT Parede" property="VOLUME" unit="m3"/> 

    </specification> 

 

    <!-- IfcFooting --> 

    <specification applicability="ifc:IfcFooting"> 

      <requirement propertyset="CostEstimation" property="CBS Code"/> 

      <requirement propertyset="CostEstimation" property="CBS Rebar Ratio"/> 

      <requirement propertyset="ZT Bloco" property="COMPRIMENTO" unit="m"/> 

      <requirement propertyset="ZT Bloco" property="LARGURA" unit="m"/> 

      <requirement propertyset="ZT Bloco" property="ALTURA" unit="m"/> 

      <requirement propertyset="ZT Bloco" property="AREA DE FORMA" unit="m2"/> 

      <requirement propertyset="ZT Bloco" property="VOLUME" unit="m3"/> 

    </specification> 

 

  </specifications> 

</ids> 
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APPENDIX C 

This appendix presents the AS-IS (current cost estimation process) and TO-BE workflow (proposed BIM-driven workflow) diagrams.  
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