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 4 

1. Introduction 5 

In the past decades, a concerning labor shortage is experienced by the labor-driven 6 

Architecture, Engineering, and Construction (AEC) industry [4,5,6]. For instance, in the United 7 

States, 80% of the construction companies cannot find trades workers to fill job positions [4]. 8 

Just for January of 2020, 267,000 unfilled construction positions were reported in the U.S. [5]. 9 

This problem has impacted negatively the productivity in the AEC industry, causing delays and 10 

cost overrun in construction projects [6]. In a survey conducted by Construction Labor Market 11 

Analyzer, more than 90% of the respondents reported a lower productivity for the years 2014 and 12 

2015 due to the labor shortage [6]. 13 

Technologies such as offsite construction and automation allow greater efficiency by 14 

automating construction processes, which can be translated into higher productivity in the 15 

industry. This increase in productivity can relieve some of the strain imposed by the workforce 16 

shortage [20,21,22]. On the one hand, offsite construction provides many benefits over 17 

conventional stick-built construction such as working in a controlled environment, the ability to 18 

conduct activities in parallel, and improvement of the built quality [15,16,17]. Automation in 19 

construction, on the other hand, includes the application of technologies such as Computer 20 

Numerical Control (CNC), robotics, and other automation machines that could be easier to 21 

implement in a factory setting than in onsite construction. For example, these technologies can 22 

be adopted to support the fabrication and assembly of building components by automating 23 

otherwise manual operations. Moreover, automation can improve safety by saving workers from 24 

dangerous and heavy-duty tasks and/or in hazardous conditions. 25 

However, despite these benefits, there are many challenges with the automation of offsite 26 

construction in practice. One main challenge is that offsite construction demands more rigorous 27 
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design, planning [13], and construction requirements than those of onsite construction. For 28 

example, the design, manufacturing, and assembly tolerances for offsite construction are tighter 29 

than those for stick built because the assembled components need to appropriately fit the 30 

prepared foundation rather than the components sequentially erected onsite, in which the latter 31 

option allows more flexibility for local adjustments of the connections between the frames and 32 

the foundation. In addition, automation requires detailed and precise information such as 33 

building information models, material, and building systems to obtain the desired outcomes [14]. 34 

These challenges have impeded the wide adoption of automation in offsite construction. 35 

Building Information Modeling (BIM) has the potential to overcome these limitations and 36 

enable automation in construction by providing detailed, precise, and complete information as 37 

input for automation technologies in the context of offsite construction [14]. However, the 38 

support of BIM for offsite construction is still limited in the current digital workflow. For 39 

instance, BIM lacks the capability to represent complex buildings or to plan for automated 40 

processes in offsite construction [15]. Therefore, to address this gap, the authors propose a 41 

method to facilitate the automation of wood construction by automatically analyzing building 42 

design information to obtain construction operational level information from the analysis so that 43 

it can be further used to feed into construction automation technologies. The proposed method 44 

utilizes a logic enabled approach to extract and infer information from IFC-based BIM models. 45 

The method involves the development of: (1) a set of algorithms (using logic rules) for the 46 

automated information extraction and properties inference, (2) representation of the IFC-based 47 

BIM models into logic facts, and (3) the logic reasoning using the logic rules and facts.  48 

2. Background 49 

2.1 Offsite Construction Automation 50 

Offsite construction refers to the manufacture and preassembly of building components in a 51 

controlled environment, which are then transported and assembled on-site [16]. Offsite 52 

construction can be classified as non-volumetric, volumetric, or modular buildings based on the 53 

type of element and the level of prefabrication on the building [17]. For instance, the volumetric 54 

preassembly consists of structurally enclosed units (modules) [18]. In addition, offsite 55 

construction can be realized using concrete, steel, or wood, among other materials. Concrete and 56 

steel are predominately used in commercial and industrial facilities such as high-rises, 57 

warehouses, and bridges. While wood has been primarily used in residential houses to mid-rise 58 

buildings, especially in North America and Europe [19]. For instance, in the United States, nine 59 

out of ten houses are built of wood [20]. In addition, wood is a more sustainable and energy 60 
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efficient material than concrete and steel in terms of the level of carbon dioxide emission [21] 61 

and embodied energy [22], respectively. These advantages have made wood one of the most 62 

commonly used construction materials. 63 

The adoption of prefabrication and digitalization allows for more automation opportunities 64 

[23] in the manufacturing and assembly processes of wood construction. Some commonly 65 

implemented automation technologies in offsite wood construction include the use of robots, 66 

CNC, and other machines. Industrial arms are the most common type of robots used to automate 67 

the assembly and material handling operations in production lines or workstations. For instance, 68 

in Willmann et al. [24], a robotic system was used to assemble “The Sequential Roof”, a timber 69 

roof structure that consists of slat elements. More applications of robotics in the automation of 70 

wood construction can be found in [25-27]. Moreover, CNC tools are used to remove layers of 71 

material (e.g., drilling, milling, and cutting) to shape the pieces according to designs (i.e., 72 

subtractive manufacturing) [28]. The implementation of CNC machines in wood manufacturing 73 

lines provide automated prefabrication of building elements (e.g., wood pieces and boards) [27]. 74 

Furthermore, other machines such as the semiautomated wood framing machine developed by 75 

[29], also facilitate wood framing processes. A common property shared by these automation 76 

technologies is that they require reliable and precise digital information as input for its successful 77 

operations. This requirement can be fulfilled using BIM as the source of information. 78 

Offsite construction can be partially industrialized [30], meaning that the prefabricated 79 

components and assembled units can be treated as manufacturing products instead of a 80 

construction product. Consequently, offsite construction opens more opportunities for 81 

introducing manufacturing technologies, principles, and methods in the prefabrication of houses. 82 

Currently, the adoption of tools and technologies from the manufacturing industry for modular 83 

construction such as production lines, mechanical engineering and manufacturing CAD 84 

packages, and other prefabrication-based technologies, creates time and cost savings compared 85 

to traditional on-site construction. However, these technologies lack the capacity to analyze 86 

building designs, which limit their applicability in the design development stage [14]. This 87 

inability of these automation technology to fully integrate with BIM creates inefficiency caused 88 

by a bottleneck of information transfer within and between the design and construction phases.   89 

2.2 Industry Class Foundation (IFC) 90 

BIM is a “modeling technology and associated set of processes to produce, communicate, and 91 

analyze building models” [14] and it serves as a “shared knowledge resource for information 92 

about a facility forming a reliable basis for decisions during its life-cycle from inception onward” 93 

[31]. As such, BIM has the potential to improve the collaboration between designers and 94 
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contractors and to allow a seamless coordination (e.g., data exchange) between design and 95 

construction phases in offsite construction projects. However, this potential is not yet fully 96 

realized due to proprietary concerns and interoperability difficulties in the AEC industry [32]. As 97 

a result, it creates significant re-work, measurable waste, and has impeded the use of BIM to 98 

advance automation [20,25,26]; costing the AEC industry $15.8 billion per year [34]. To 99 

improve BIM data exchange, existing approaches focus on data schema standardization and/or 100 

term-based semantics of AEC objects [35]. The CIMSteel Integration Standards (CIS/2) for steel 101 

construction data and the Industry Foundation Classes (IFC) for building and construction data 102 

are two prominent BIM standards. Both standards are defined using the Standard for Exchange 103 

of Product (STEP) description methods - ISO 10303 [36].  104 

Industry Foundation Classes (IFC) is a vendor-neutral standard for data exchange developed 105 

and maintained by buildingSMART as a solution to the interoperability problem in the AEC 106 

industry [44,45]. The IFC schema is written using the EXPRESS data definition language and its 107 

data schema architecture contains four conceptual layers, namely resources, core, 108 

interoperability, and domain, to describe information such as geometry, material, and 109 

relationship of a BIM model [39]. IFC contains an essential set of elements such as beam, 110 

column, wall, floor, and roof, to describe a building. Furthermore, each element can be 111 

represented using different geometric representations, such as swept solid, Boundary 112 

representation (B-rep), or body clipping. Moreover, multiple cross-section profile definitions 113 

exist for each geometric representation. For instance, a column modeled as Swept Solid 114 

representation, can have a rectangular profile definition (IfcRectangleProfileDef) or an arbitrary 115 

closed profile definition (IfcArbitraryClosedProfileDef) to depict its cross section. These variety 116 

of representations come from the 3D modelling approaches adopted by the BIM authoring tools. 117 

To illustrate the IFC data model, an example of IFC instances with its corresponding entities, 118 

relationship, and tracing pattern for the dimensions of column element are shown Figure 1 and 119 

Figure 2, respectively. 120 

 121 

Figure 1. An IFC instance sample. 122 
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 123 

Figure 2. Tracing pattern of the IfcColumn dimensions information. 124 

The current IFC format presents several limitations. One limitation is the existence of a user 125 

defined properties set, which make its use unpredictable. Another limitation is the multiple ways 126 

in which a building element can be represented. For example, a wall might be represented as a 127 

wall, a thick slab, or an upstand beam [40]. This common misuse introduce subjectivity in the 128 

IFC standard. Other limitations of IFC include the needs of improved information description, a 129 

more robust way to represent elements, and information and precision loss/inadequacy [41]. 130 

These limitations make the standardization of IFC challenging. 131 

Even with the current limitations, the IFC schema is widely accepted as the most promising 132 

solution to the interoperability issue faced by the AEC industry [42]. Qualities such as openness, 133 

impartiality, and file format simplicity, have made the IFC standard a major focus of BIM 134 

research and industry applications. Currently, a growing number of BIM platforms (94) are being 135 

certified as IFC compliant; making them compatible with IFC [43]. 136 

2.3 BIM to Support Offsite Construction Automation 137 

Many research efforts have used BIM-based approaches to improve offsite construction 138 

processes at different lifecycle stages. This section presents some of the applications of BIM 139 

workflows in offsite construction. 140 
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In the design and planning stages of offsite construction, Liu et al. [44] developed a rule-141 

based algorithm and automated BIM-based approach to minimize waste in the design and 142 

planning of light-frame boarding (sheathing and drywall), taking into consideration contractors’ 143 

practical knowledge. Their method helps reduce errors and time consumption in manual 144 

modeling of a construction-centric model and it is implemented as a Revit add-on. As an attempt 145 

to reduce the design cost, improve the layout accuracy and productivity, Alwisy et al. [13] 146 

proposed a framework to automate the design and drafting of wood frame panel modules. The 147 

input to the BIM model and the corresponding shop drawings for the manufacturing process is 148 

generated from 2D CAD layout drawings. Their methodology was implemented using Visual 149 

Basic embedded into AutoCAD. In addition, Abushwereb et al. [45] proposed a platform 150 

(FrameX) as a Revit add-on to automate the analysis, modelling, and design of light-frame wood 151 

structure for offsite construction. Their platform was developed using a rule-based approach that 152 

arguably improve time efficiency and accuracy in the early design stage of a project.  153 

Besides design and planning, other research works have focused on the optimization of offsite 154 

construction. For instance, to optimize offsite construction designs for meeting client 155 

expectations, Isaac et al. [46] used a graph-based methodology based on BIM models to reduce 156 

delays and to avoid incurring additional cost and labors in the prefabrication of modular house 157 

modules. Another optimization approach is the integration of manufacturing CAD into the 158 

workflow (e.g., SolidWorks and TactonWorks Studio) to automate the selection of module 159 

configurations during design. This integration method is proposed by [47] to reduce conflicts 160 

between stakeholders and variability in the downstream process of the prefabrication building 161 

components. Furthermore, Mekawy and Petzold [48] proposed a method to explore and optimize 162 

design alternatives of Box Prefabricates using their developed Autodesk Dynamo for Revit 163 

package called Box Module Generator. In addition, to reduce waste in the construction phase, 164 

Gbadamosi et al. [49] presented a framework for the assessment and optimization of design 165 

(BIM models) options based on lean principles and design for manufacturing concepts such as 166 

ease of assembly, ease of handling, speed of assembling, and assembly waste. Their assembly 167 

assessment framework was implemented using Revit, Dynamo Studio, and Microsoft Excel for 168 

the design optimization of exterior insulation finish systems. 169 

The use of BIM in other modular construction processes include quantity take-off and off-site 170 

manufacturing. In the first case, Wang et al. [50] proposed a method to reduce manual work in 171 

the automated quantity take-off process of wall and floor components using a SQL database and 172 

BIM. In the second case, Root et al. [51] proposed a method to better understand the offsite 173 

construction process of exterior insulated finishing systems manufacturing using Revit and the 174 

Metal Wood Framing plug-in from Strucsoft. 175 
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Although many research efforts have contributed to the advancement of BIM and offsite 176 

construction, most of the existing efforts only focused on workflows using proprietary BIM 177 

platforms and processes in the design and planning stages. The dependency on proprietary BIM 178 

applications prevents the realization of a truly seamless BIM interoperability. In addition, the 179 

lack of BIM research focused on the construction phase make the implementation of automation 180 

in offsite construction a challenge. To address this limitation, this paper proposes a new 181 

methodology for BIM analysis to support wood construction automation, using a logic-based 182 

approach and IFC standard. 183 

2.4 Logic Representation 184 

Logic has been used for computer design and computer programs reasoning [52]. From a 185 

programming language perspective, the direct use of logic is called logic programming [52]. 186 

Logic programs consist of rules that establish relations between objects [52]. Formal logic such 187 

as predicate logic, allows the representation of knowledge and the derivation of correct 188 

conclusions from that knowledge [53]. First-order logic (FOL), a subset of predicate logic, is the 189 

most common type of logic representation [54]. 190 

2.4.1 First order logic (FOL) 191 

FOL can be used to represent IFC-based BIM models information, in the form of logic 192 

clauses, which in turn consists of predicates. The relations between the predicates are logically 193 

expressed using quantifiers and logic connectives. In FOL, the universal (∀ or for all) and 194 

existential (∃ or there exists) quantifiers are used to make assertions about variables in 195 

statements [55]. Likewise, the logic connectives: conjunction AND (˄), disjunction OR (˅), 196 

negation NOT (¬), and implication (→), are used to make logical connections between 197 

predicates [55].   198 

Furthermore, logic clauses can be expressed using Horn clauses (HCs). A HC is a conjunction 199 

of logic clauses of which at most one literal is positive [56]. HC can be expressed as 𝐻 ←200 

(𝐶1⋀ 𝐶2 ⋀ 𝐶3 ⋯ ∧ 𝐶𝑛), where H is the head of the clause and 𝐶1, 𝐶2, 𝐶3. . 𝐶𝑛 are goals. This 201 

expression implies that the conclusion H holds if all the goals are met. The structure of a HC is 202 

simple and sufficiently expressive to represent all types of computations that allows programs to 203 

be general and efficient [57]. There are three types of HCs based on the representation structure: 204 

facts, rules, and queries [58]. 205 
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2.4.2 Basic elements of logic programs 206 

A HC can be classified as facts, queries, or rules, based on its structure. In a HC, when only 207 

the head H is present, it is a fact. Logic facts are “statement that describe object properties or 208 

relations between objects” [54]. It consists of predicates that are composed of a predicate name 209 

and one or more arguments. The number of arguments in a predicate is called arity and the 210 

smallest unit of a logic fact is an atom, which consists of only one argument. In the case when a 211 

HC only contains a set of goals (𝐶1⋀ 𝐶2 ⋀ 𝐶3 ⋯ ∧ 𝐶𝑛), it is called a query. Queries are used to 212 

retrieve information from a logic program and it will reach a conclusion whether relations 213 

between objects hold (conjunction of goals). Lastly, a HC is classified as a rule when it contains 214 

both the head H and the body (i.e., a set of goals to be evaluated according to the logic facts). If 215 

all the goals are met, then the rule evaluates to true. On the contrary, if any of the goals cannot be 216 

achieved, the rule evaluates to false.  217 

2.4.3 Second order logic (SOL) 218 

An extension of FOL in terms of expressive power is the second-order logic (SOL). Unlike 219 

FOL, whose domain of quantification is the range of individuals, SOL can quantify subsets of 220 

individuals with certain properties or relations over the entire domain [59]. Therefore, SOL is 221 

particularly useful to find all instances of building components/elements with certain properties 222 

from building design logic facts. The application of SOL in logic programming is referred as 223 

second-order programming, which is represented by the "find all-solutions" predicates such as 224 

findall(Term,Goal,List) [52]. To illustrate this, the clause column_material :-225 

findall((Column,Materialname),(relassociatesmaterial(Relassociatesmaterial),material(Material226 

),has_relatingmaterial(Relassociatesmaterial,Material),column(Column),has_relatedobjects(Rel227 

associatesmaterial,Column),has_name(Material,Materialname),Materialname == 'lumber’), L) 228 

will function as finding all the column instances from the existing logic facts with the material 229 

property 'lumber’ and store them in the list L. 230 

2.5 Logic Reasoning 231 

The use of logic representation and reasoning facilitates the analysis of building design 232 

information. Once the logic representation of the IFC data is enabled and the logic rules are 233 

defined, the logic reasoning is performed automatically. The essence of logic reasoning relies on 234 

the unification function and three deduction rules: 1) identity, 2) generalization, and 3) 235 

instantiation [52]. 236 

According to Sterling and Shapiro [52], the identity rule consists of the search of logic facts 237 

based on queries to determine logical consequences. The second deduction rule is generalization, 238 
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which relates a logical consequence to an instance of an existential quantified variable for any 239 

substitutions. Lastly, the instantiation rule can be used to deduce any instance of a logic fact from 240 

a universally quantified fact. The automated deduction in logic reasoning is possible through the 241 

unification algorithm [52]. Unification provides efficient pattern matching and variable binding 242 

functions [60] to allow the reasoning based on logic rules and facts. 243 

2.5.1 Prolog language 244 

A partial, yet powerful realization of logic programming is through prolog. Prolog (stands for 245 

programming in logic) language is a programming formalism based on the concept of logic 246 

programming created in the early 1970s by Alain Colmerauer [52]. The use of prolog has been 247 

proven to be successful in applications such as artificial intelligence (AI), language processing, 248 

and expert systems [59,60]. Prolog differentiates from other programming languages through a 249 

different programming paradigm: it is declarative as opposed to the more conventional 250 

procedural and objected-oriented approaches.  251 

2.5.2 Reasoning using a closed-world assumption 252 

By default, prolog adopts a closed-world assumption for the logic reasoning. A closed-world 253 

assumption considers any unproven assumptions to be false. Therefore, any missing information 254 

will be considered as false as well. This implies that the information to be reasoned about needs 255 

to be complete and logical. 256 

2.6 Logic-Based Representation for Automated Reasoning 257 

Logic-based representation has been widely and extensively used for automated reasoning. 258 

Automated reasoning is the ability to make inferences automatically through computing systems 259 

and it has been applied to solve many challenging problems in domains of computer science, 260 

mathematics, software and hardware verifications, among others [63]. Several disciplines (e.g., 261 

sensing, natural language processing, robotics) along with automated reasoning, formed the 262 

fundamental building blocks in the conception and rise of AI in the modern era, allowing the 263 

creation of intelligent entities that can perceive the environment and perform actions 264 

autonomously [64]. In the AEC domain, the application of AI methods (e.g., neural networks, 265 

genetic algorithms, and machine learning) have increased exponentially since the early 2000s 266 

(e.g., more than 41,827 existing related bibliographic records in the Scopus database) [65]. 267 

Although some computing paradigms such as machine learning and other statistical-based 268 

computing method are trending, logic-based representation and reasoning through Logic 269 

programming is a no-less powerful computing paradigm due to its rigor, expressiveness, and 270 

ability to draw logical conclusions. Yet, comparatively speaking, it is significantly 271 
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underexplored. Therefore, the authors are testing the use of logic-based representation and 272 

reasoning for automated inferences to unlock the benefits of logic-based automation in the 273 

construction domain.   274 

2.7 Logic-Based Representation and Reasoning in the AEC Domain 275 

Previous studies have explored the use of FOL in the AEC domain. One of the early 276 

applications of FOL is in the area of structural engineering design [61,62]. More recently, FOL 277 

has been used in the representation and reasoning of building design and regulatory information 278 

in the area of code compliance checking [54,63,64]. 279 

2.8 Comparison to ifcOWL Ontology 280 

In addition to logic-based approach, semantic modeling can be used to support logical 281 

inferences. The most commonly used form of semantic modeling is ontology and it uses sematic 282 

web technology [i.e., Web Ontology Language (OWL)] for representation of things and their 283 

relations [67]. In an ontology, knowledge is represented in concept hierarchies and the 284 

relationships between the concepts, and axioms [68]. 285 

Both, semantic representation and logic representation could be utilized to support the 286 

reasoning process and facilitate human interpretation and understandability of the formal 287 

representation. However, they differ in their application intent fundamentally. Semantic 288 

modeling was originally conceived based on description logic to mainly model knowledge and 289 

represent the semantic of a specific domain. As a result, semantic representation (i.e., OWL 290 

ontology) relies on rule-based languages such as Semantic Web Rule Language (SWRL) to 291 

perform automated reasoning on top it because it does not permit representation of if-then 292 

statements directly [69]. In contrast to semantic modeling, a logic-based representation has been 293 

used extensively in automated reasoning. The use of logic-based representation in automated 294 

theorem provers have proved many famous scientific problems such as the problem of Robbins 295 

conjecture in 1966 [70]. In addition, logic-based representation has been successfully used to 296 

verify the correctness of computer programs and to assist in the construction of mathematical 297 

proofs [71]. Despite these achievements, it is still underexplored in the automation of 298 

architecture, engineering, and construction projects, compared with other popular approaches 299 

such as statistical machine learning and semantic modeling. 300 

In an effort to link IFC standard and semantic web technologies to support flexibility, 301 

interoperability, and reusability of data and data exchange [72], and also to support logic-based 302 

reasoning, the ifcOWL ontology was created. The ifcOWL ontology and IFC schema are more 303 

similar in structure [73] compared to that between logic facts and IFC. In addition, the 304 
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conversion from the IFC EXPRESS schema to ifcOWL ontology seems to be more direct and 305 

easier than the transformation of the IFC schema to logic facts from the logic-based approach. 306 

However, despite these advantages, there are challenges in its implementation for logic 307 

inference; for example: 1) the size of an ontology is considerably large and complex to load and 308 

use due to its numerous classes, objects and data properties, and logical axioms, and 2) the time 309 

efficiency is comparatively low due to the large number of assertions in the loading (to reasoning 310 

engine) and reasoning processes [69,70]. Moreover, ifcOWL ontology needs separate and 311 

additional rule representations (e.g., SWRL) in the reasoning process, which are also limited in 312 

terms of expressivity, simplicity, and computational logic reasoning performance compared to 313 

the use of first-order logic and second-order approach. For example, SWRL is not as effective as 314 

FOL in decidability (i.e., true or false decision problems). In addition, it is easy to find all 315 

instances of building components/elements with certain properties from the building design 316 

using SOL, which in contrast is not feasible with SWRL. 317 

3. Proposed Method 318 

In order to extract and analyze building design information (e.g., geometric and physical 319 

properties) from BIM to support automation in offsite wood construction, the authors proposed a 320 

novel data-driven method to address this challenge. The proposed method is based on the use of 321 

logic representation and reasoning of BIM information in an automated fashion. Moreover, the 322 

proposed method allows performance improvement by iteratively refining and extending the 323 

refinement algorithm and logic rules, respectively. The proposed method consists of six main 324 

steps (Figure 3): (1) Logic Facts Generation, (2) Logic Rules Development, (3) Logic Reasoning 325 

Execution, (4) Result and Error Evaluation, (5) Logic Facts Refinement, (6) Logic Rules 326 

Extension. Following, detailed explanations of the six steps along with some implementation 327 

examples to illustrate the specifics of the proposed method are provided. 328 

 329 

https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077


This article was published in Automation in Construction, 129(September 2021), Wong Chong, 

O., and Zhang, J., "Logic Representation and Reasoning for Automated BIM Analysis to Support 

Automation in Offsite Construction," 103756, Copyright Elsevier (2021). 

https://www.sciencedirect.com/science/article/pii/S0926580521002077 

 

12 

 

 330 

Figure 3. Proposed method. 331 

3.1 Logic Facts Generation 332 

The generation of logic facts consists of three sub-steps: sub-step (1) BIM to IFC export, sub-333 

step (2) IFC to logic facts conversion, and sub-step (3) logic facts refinement.  334 

3.1.1 BIM to IFC export 335 

The first sub-step consists of exporting the BIM model from the BIM authoring tool to IFC 336 

format. Many BIM authoring tools such as Autodesk Revit, Graphisoft ArchiCAD, and Trimble 337 

SketchUp are IFC certified and therefore have built-in functions for exporting their respective 338 

BIM models to IFC format [43]. In addition, different parameters can be adjusted such as the 339 

specific IFC schema version and model view definitions when exporting to IFC format. For the 340 

implementation of the proposed method, the IFC 2x3 and MVD CV2.0 were selected.   341 

3.1.2 IFC to logic facts conversion 342 

In this sub-step, the IFC data is represented using logic facts. The conversion of the IFC 343 

model into logic facts is performed using the open source application 344 

ZE_BIM_FOL_Converter2.0, developed by [75]. 345 

The prototype system ZE_BIM_FOL_Converter2.0 implements an information extraction 346 

(IE) and information transformation (ITr) algorithms of the building design information (IFC) 347 

[75]. In Figure 4, an example of the IFC data conversion into logic facts by applying the IE and 348 

ITr algorithms in four steps is provided. 349 
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 350 

Figure 4. Sample of IFC transformation into logic facts. 351 

3.1.3 Logic facts refinement 352 

The last sub-step refines the raw logic facts converted from the previous sub-step (IFC to 353 

logic facts conversion), to make them suitable for the logic reasoning and compliant with the 354 

prolog syntax requirements. Two types of logic facts refinement include: 1) conversion of unit 355 

symbols to their corresponding unit name, and 2) addition of single quote symbol ('string') to 356 

enclose strings in logic fact arguments such as constant, numbers, and some IFC instances.  357 

The unit of measurements in the logic facts are expressed in symbol forms, which are 358 

inherited from the original BIM authoring software. For instance, the unit for a window 359 

dimensions, are commonly expressed as 24" x 48" in the original BIM software. Accordingly, 360 

the predicate has_objecttype(window1724,24"_x_48") also contains the symbol for inch (") in its 361 

second argument. By refining it, the unit symbols are changed to its equivalent unit name. For 362 

example, the window dimensions 24"_x_48" is changed to 24_inches_x_48_inches.  363 

Arguments that start with a number followed by strings are not compliant with the prolog 364 

syntax requirements. In this case, single quote is used to enclose the string arguments ('string') of 365 

the logic facts to make the logic facts compliant with the prolog syntax. For instance, without 366 

string arguments enclosure, the second argument of the predicate 367 

has_globalid(window1724,2pbnvhtcp1kavcyplsrmwh), which is an instance of the global ID for 368 
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the window1724, yielded a syntax error because the argument starts with a numeric value which 369 

is not allowed in prolog syntax. By enclosing the arguments with single quote, prolog treats the 370 

argument as a string. 371 

To this end, a refinement algorithm was developed using the regular expression (re) module in 372 

Python (version 3.7) to refine the logic facts information (Figure 5).   373 

 374 

Figure 5. Refinement algorithm flow chart. 375 

3.2 Logic Rules Development 376 

For the development of the logic rules, a knowledge engineering approach is applied. 377 

Knowledge engineering is concerned with “data and information representation and encoding 378 

methodologies” to meet the needs of the user. Particularly, two heuristics from knowledge 379 

engineering were applied: 1) heuristic of specific situations and 2) heuristic of situation 380 

comparison [76]. The first heuristic uses specific cases to acquire the target knowledge. Relating 381 

to the logic rules development, specific predicates corresponding to building components (e.g., 382 

wall and floor) and building elements (e.g., column and beam) were used to develop the 383 

extraction and inference rules. For example, the predicate 384 

has_representation(column2118,productdefinitionshape2112), which translates to column2118 385 
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has representation productdefinitonshape2112, is transformed to the general form 386 

has_representation(Column,Productdefinitionshape) by replacing the specific arguments with 387 

variables, that will serve as a template to capture the predicate has_representation for any 388 

columns and productdefinitionshapes instances of the logic facts. The second heuristic applies 389 

when comparing predicates that are shared by different building components. For instance, 390 

IfcSlab can be used to model roofs and floors. Therefore, to clarify if the predicate slab(Slab), is 391 

a roof or slab, additional predicates such as has_predefinedtype(Slab,floor) and 392 

has_predefinedtype(Slab,roof) allow its correct classification, respectively. 393 

Logic rules are developed to allow information extraction and filtering, as well as inference of 394 

new information from the building design logic facts. Logic rules in this paper can be divided 395 

into three types, based on the purpose (Figure 6): information extraction (IE) type (type I), 396 

information inference type (type II), and information filtering type (type III). The type I logic 397 

rules are used to extract information such as quantities, dimensions, and materials of the building 398 

components/elements (i.e., wall, roof, column) from the building design. Therefore, to capture 399 

the various IFC entities representation in a BIM model [i.e., building components/elements (e.g., 400 

wall, column), geometric representation (e.g., Brep, SweptSolid), and cross-sectional profile 401 

definition (e.g., rectangular, circular)], the corresponding logic rules need to be created to 402 

account for such combinations. The type II logic rules are used to infer physical properties (e.g., 403 

area, volume, and weight) from the building components/elements. These properties are derived 404 

from information extracted using type I logic rules and a supporting material module. The 405 

supporting material module contains material and density information for wood materials, which 406 

are encoded as logic facts. Lastly, the type III logic rules are used to filter out building 407 

components/elements of other materials (e.g., concrete and steel) from those of wood materials, 408 

and filter out unrelated object types such as recess and corner board. 409 
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 410 

Figure 6. Type of logic rules with some application examples. 411 

The development process for logic rules consists of four sub-steps: 1) relevant logic facts 412 

identification, 2) terms replacement, 3) logic facts connection, and 4) SOL application. In the 413 

first sub-step, the relevant logic facts are identified and serve as (a) constraints in the unification 414 

process with only the relevant logic facts. For example, the set of relevant logic clauses [i.e., 415 

relassociatesmaterial(relassociatesmaterial4670 to has_name(material265,'softwood,_lumber')] 416 

as shown in Figure 7, are used to extract the material information for column instances; and (b) 417 

sub goals that need to be met for the logic rules to succeed. In the terms replacement sub-step, 418 

constants and numbers are replaced by variables (first letter upper-cased). The third sub-step 419 

consists of joining the logic facts using the logical conjunction (,). Finally, in the last sub-step, 420 

the all-solution predicates (i.e., findall, bagof, and setof) are applied to extend the rule for all 421 

building component/element instances. To illustrate the process, the development of a logic rule 422 

to extract the material, and to infer the volume and weight for columns with swept solid 423 

geometric representation and rectangular profile definition are summarized in Figure 7 and 424 

Figure 8, respectively. Similarly, different logic rules are developed for columns with other types 425 

of geometric representations (e.g., B-rep) and profile definitions. 426 
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 427 

Figure 7. Logic rule development for extracting the material information for columns. 428 
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  429 

Figure 8. Type II logic rule sample: a) material module, and rule to derive b) volume and c) 430 

weight for columns.  431 

3.3 Logic Reasoning Execution 432 

In addition to the logic facts and logic rules, supporting modules were developed to provide 433 

reasoning support: a) unit conversion, which are logic clauses that convert any length unit to feet 434 

unit length; and b) material properties, which contains the material type and density information. 435 

Once, all the components and information are ready, the logic reasoning is performed in an 436 

automated way. First, the logic facts are loaded into the logic reasoner. Then, the logic rules are 437 

executed internally along with the supporting modules by the logic reasoner. The reasoner 438 

applies the unification and substitution functions to prove the goals defined in the logic rules. 439 

Finally, the results are returned in terms of logic rules’ success or failure.  440 
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3.4 Result and Error Evaluation 441 

The performances of the extraction algorithms are evaluated using the precision, recall, and 442 

F1-measure. The precision performance metric measures how good the extraction result is and it 443 

is defined as the ratio of the number of correctly extracted logic fact instances in the total number 444 

of logic fact instances extracted (Equation 1). Correspondently, recall is a measurement of the 445 

degree of coverage in the target information and the definition is the ratio of the number of 446 

correctly extracted logic fact instances in the total number of existing logic fact instances in the 447 

source file (Equation 2). The use of precision or recall alone does not provide a full-picture 448 

evaluation, therefore a third performance metric call F1-measure is used to provide an overall 449 

performance based on the precision and recall. The F1-measure is defined as the harmonic mean 450 

between the precision and recall (Equation 3). 451 

 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 (𝑃) =
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝐿𝐹

𝑇𝑜𝑡𝑎𝑙 𝐿𝐹 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑
 Equation 1 

 𝑅𝑒𝑐𝑎𝑙𝑙 (𝑅) =
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝐿𝐹

𝑇𝑜𝑡𝑎𝑙 𝑒𝑥𝑖𝑡𝑖𝑛𝑔 𝐿𝐹
 Equation 2 

 𝐹1 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 =
2𝑃𝑅

𝑃 + 𝑅
 Equation 3 

3.5 Logic Facts Refinement 452 

This step applies when additional logic predicates that are not suitable for the logic reasoning 453 

are detected and were not captured in the logic facts refinement sub-step of Step 1. Those 454 

predicates make the related logic rules yield unexpected results. Therefore, the refinement 455 

algorithm needs to be extended to modify those predicates, making them suitable for the logic 456 

reasoning. For example, the numbering of the predicate has_segments#(Term1, Term2), makes 457 

the logic reasoning ineffective because each numbered predicate (i.e., 458 

has_segments1,..,has_segments#) are treated as independent predicates and therefore unable to 459 

unify all the instances related to that predicate.  460 

3.6 Logic Rules Extension 461 

At the beginning, the proposed method contains only the set of logic rules created based on 462 

the development BIM model. For example, the proposed method can be used to analyze columns 463 

with swept solid geometric representation (used in the development model) and not for columns 464 

with geometric representations that were not present in the development model (e.g., B-rep). To 465 
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improve the performance, supplementary logic rules are gradually added to the existing rule set 466 

for those cases in which the current logic rules fail to capture. Once the newly added logic rules 467 

are incorporated to the set of rules, the method will be able to analyze effectively the previously 468 

incorrectly identified geometric representations, as well as materials information. This process 469 

improves the performance and overall effectiveness of the proposed method by iteratively and 470 

accumulatively increasing the number of logic rules in the set. 471 

4. Experimental Implementation and Validation 472 

In this section, the experimental implementation of the proposed method along with the 473 

results are presented. Five BIM models were used for this purpose, one for the development and 474 

four for the validation. Additionally, the time efficiency of the automated analysis was also 475 

measured.  476 

4.1 Implementation Software 477 

The prolog programming language implementation used for the proposed method is B-Prolog. 478 

B-Prolog uses HC representation and it was selected because of its inherent reasoning 479 

capabilities, compatibility with C and Java programming languages, and is based on classic 480 

Prolog [55]. 481 

4.2 Test Cases 482 

The five BIM models used for the experiments are described here. The proposed method was 483 

initially implemented using the development model (Dev), a wood frame structure modeled in 484 

Autodesk Revit software (version 2019) as shown in Figure 9. This Dev model serves as a gold 485 

standard. 486 
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 487 

Figure 9. BIM Dev model for algorithm development. 488 

For the testing and validation, four additional BIM models, namely T1, T2, T3, and T4, were 489 

used (Figure 10) to: (1) evaluate the robustness of the proposed method, and (2) to test the 490 

effectiveness of the developed logic rules on unseen models. The first three models (T1-T3) 491 

consisted of wood residential projects and T4 is a three stories commercial wood building 492 

project. The four BIM models are created in Autodesk Revit to a LOD 300 (T1-T3) and LOD 493 

400 BIM (T4), respectively. 494 

 495 

Figure 10. Test case models: a) T1, b) T2, c) T3, and d) T4. 496 

https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077


This article was published in Automation in Construction, 129(September 2021), Wong Chong, 

O., and Zhang, J., "Logic Representation and Reasoning for Automated BIM Analysis to Support 

Automation in Offsite Construction," 103756, Copyright Elsevier (2021). 

https://www.sciencedirect.com/science/article/pii/S0926580521002077 

 

22 

 

4.3 From BIM model to Logic Facts (Step 1) 497 

First, each BIM model was exported from Revit to IFC format. Next, the IFC models were 498 

converted to logic facts using the ZE_BIM_FOL_Converter2.0 prototype as shown in Figure 11. 499 

The top right of Figure 11 shows some IFC instances from an IFC file; while the bottom right of 500 

Figure 11 shows corresponding logic facts successfully converted. Then the logic facts are 501 

preprocessed using the Python algorithm (Figure 5). Some sample logic facts before and after the 502 

preprocessing are shown in Figure 12. 503 

 504 

Figure 11. Sample conversion of IFC to logic facts. 505 

 506 
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Figure 12. Sample of preprocessed logic facts. 507 

4.4 Logic Rules Development and Logic Reasoning Execution (Step 2-3) 508 

The logic rules algorithms to extract and infer information from BIM models were developed 509 

using a randomly selected subset from the Dev model logic facts. A total of 44 logic rules were 510 

developed initially, in which 26 correspond to extraction rules, 17 correspond to inference rules, 511 

and 1 filtering rule (Table 1). After the logic rules development, the logic rules were tested using 512 

the Dev model in the logic reasoning step. These steps were further applied to the four test 513 

models (T1-T4) in a similar way. 514 

Table 1. List of rules developed using the Dev model. 515 

Rule 
Rule 
Type* 

Component
/element 

Source IFC Object 
Geometric 

Representation 
Profile 

Definition 
Target 

information 

1 I 

Interior Wall IfcWallStandardCase 

Swept solid Rectangle Dimensions 

2 I   Quantity 

3 I   Material 

4 I 

Opening 
(Int. Wall) 

IfcOpeningElement 

  Quantity 

5 I Swept solid Rectangle Dimensions 

6 II   Area 

7 II   Total Area 

8 II 
Interior Wall 

IfcWallStandardCase 

  Area 

9 II   Net area 

10 I 
Exterior 

Wall 

Swept solid Rectangle Dimensions 

11 I   Quantity 

12 I   Material 

13 I 

Opening 
(Ext. Wall) 

IfcOpeningElement 

  Quantity 

14 I Swept solid Rectangle Dimensions 

15 II   Area 

16 II   Total Area 

17 II Exterior 
Wall 

IfcWallStandardCase 
  Area 

18 II   Net area 

19 I 

Floor IfcSlab 

Swept solid Rectangle Dimensions 

20 I   Quantity 

21 I   Material 

22 I 

Opening 
(Floor) 

IfcOpeningElement 

  Quantity 

23 I Swept solid Rectangle Dimensions 

24 II   Area 

25 II   Total Area 

26 II Floor IfcSlab   Area 

https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077


This article was published in Automation in Construction, 129(September 2021), Wong Chong, 

O., and Zhang, J., "Logic Representation and Reasoning for Automated BIM Analysis to Support 

Automation in Offsite Construction," 103756, Copyright Elsevier (2021). 

https://www.sciencedirect.com/science/article/pii/S0926580521002077 

 

24 

 

Rule 
Rule 
Type* 

Component
/element 

Source IFC Object 
Geometric 

Representation 
Profile 

Definition 
Target 

information 

27 II   Net area 

28 I 

Roof 

Swept solid Rectangle Dimensions 

29 I   Quantity 

30 I   Material 

31 II   Area 

32 I 

Column IfcColumn 

Swept solid Rectangle Dimensions 

33 I   Quantity 

34 I   Material 

35 II   Volume 

36 II   Weight 

37 I 

Beam IfcBeam 

Swept solid Rectangle Dimensions 

38 I   Quantity 

39 I   Material 

40 II   Volume 

41 II   Weight  

42 I 
Opening IfcOpeningElement 

  Quantity 

43 I Swept solid Rectangle Dimensions 

44 III Floor IfcSlab   Material 
 *Type I: extraction; Type II: inference; Type III: filtering 

4.5 Result and Error Evaluation (Step 4) 516 

In this section, the experimental results for the testing of the five models based on the 517 

performance metrics (precision, recall, and F1 measure) were presented in Step 4. First, the 518 

detailed results for the development model Dev are shown in Table 2. Following, the detailed 519 

result for the validation tests of the proposed method using the four BIM models (T1-T4) are 520 

presented in Table 3 through Table 6, respectively. Each table contains the building 521 

component/element (column 1) and the target information (column 2) defined. Column 3 to 5 522 

show the total number of logic clauses present in each converted model, the number of correctly 523 

extracted logic clauses, and the number of extracted logic clauses, respectively. The last three 524 

columns present the precision P, recall R, and F1 measure, respectively. 525 

Table 2. Results of the Dev model (gold standard). 526 

Component/
Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

Ext wall quantity 4 4 4 
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Component/
Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

Ext wall dimensions (length, height, width) 12 12 12 

Ext wall material 12 12 12 

Ext wall opening quantity 5 5 5 

Ext wall opening dimensions (length, height, width) 15 15 15 

Int wall quantity 1 1 1 

Int wall dimensions (length, height, width) 3 3 3 

Int wall material 3 3 3 

Int wall opening quantity 1 1 1 

Int wall opening dimensions (length, height, width) 3 3 3 

Floor quantity 1 1 1 

Floor dimensions (length, height, width) 3 3 3 

Floor material 1 1 1 

Floor opening quantity - - - 

Floor opening dimensions (length, height, width) - - - 

Roof quantity 2 2 2 

Roof dimensions (length, height, width) 6 6 6 

Roof material 6 6 6 

Roof opening quantity - - - 

Roof opening dimensions (length, height, width) - - - 

Column quantity 60 60 60 

Column dimensions (length, height, width) 180 180 180 

Column material 60 60 60 

Beam quantity 50 50 50 

Beam dimensions (length, height, width) 150 150 150 

Beam material 50 50 50 

Total/Average 628 628 628 

 527 
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Table 3. Result for the model T1. 528 

Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Ext wall quantity 12 12 30 40 100 57.1 

Ext wall 
dimensions (length, height, 

width) 
36 36 90 40 100 57.1 

Ext wall material 60 60 78 76.9 100 87 

Ext wall opening quantity 14 14 14 100 100 100 

Ext wall 
opening dimensions (length, 

height, width) 
42 42 42 100 100 100 

Int wall quantity 30 30 30 100 100 100 

Int wall 
dimensions (length, height, 

width) 
90 81 81 100 90 94.7 

Int wall material 90 90 90 100 100 100 

Int wall opening quantity 17 17 17 100 100 100 

Int wall 
opening dimensions (length, 

height, width) 
51 45 45 100 88.2 93.8 

Floor quantity 1 1 1 100 100 100 

Floor 
dimensions (length, height, 

width) 
3 0 0 0 0 0 

Floor material 3 3 4 75 100 85.7 

Floor opening quantity - - - - - - 

Floor 
opening dimensions (length, 

height, width) 
- - - - - - 

Roof quantity 11 11 11 100 100 100 

Roof 
dimensions (length, height, 

width) 
33 0 0 0 0 0 

Roof material 33 33 33 100 100 100 

Roof opening quantity - - - - - - 

Roof 
opening dimensions (length, 

height, width) 
- - - - - - 

Column quantity - - - - - - 

Column 
dimensions (length, height, 

width) 
- - - - - - 

Column material - - - - - - 

Beam quantity - - - - - - 

Beam 
dimensions (length, height, 

width) 
- - - - - - 

Beam material - - - - - - 

Total/Average 526 475 566 83.9 90.3 87.0 
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 529 

Table 4. Result for the model T2. 530 

Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Ext wall quantity 69 69 69 100 100 100 

Ext wall 
dimensions (length, height, 

width) 
207 99 99 100 47.8 64.7 

Ext wall material 276 276 276 100 100 100 

Ext wall opening quantity 90 90 90 100 100 100 

Ext wall 
opening dimensions (length, 

height, width) 
270 264 264 100 97.8 98.9 

Int wall quantity 63 62 62 100 98.4 99.2 

Int wall 
dimensions (length, height, 

width) 
189 183 183 100 96.8 98.4 

Int wall material 189 186 186 100 98.4 99.2 

Int wall opening quantity 30 30 30 100 100 100 

Int wall 
opening dimensions (length, 

height, width) 
90 90 90 100 100 100 

Floor quantity 4 4 4 100 100 100 

Floor 
dimensions (length, height, 

width) 
12 12 12 100 100 100 

Floor material 12 12 12 100 100 100 

Floor opening quantity - - - - - - 

Floor 
opening dimensions (length, 

height, width) 
- - - - - - 

Roof quantity 16 9 9 100 56.3 72 

Roof 
dimensions (length, height, 

width) 
48 27 27 100 56.3 72 

Roof material 34 27 27 100 79.4 88.5 

Roof opening quantity - - - - - - 

Roof 
opening dimensions (length, 

height, width) 
- - - - - - 

Column quantity 8 8 8 100 100 100 

Column 
dimensions (length, height, 

width) 
24 24 24 100 100 100 

Column material 8 8 8 100 100 100 

Beam quantity 9 9 9 100 100 100 

Beam 
dimensions (length, height, 

width) 
27 27 27 100 100 100 

Beam material 9 9 9 100 100 100 
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Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Total/Average 1684 1525 1525 100 90.6 95.0 

 531 

Table 5. Result for the model T3. 532 

Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Ext wall quantity 97 97 97 100 100 100 

Ext wall 
dimensions (length, height, 

width) 
291 291 291 100 100 100 

Ext wall material 427 427 427 100 100 100 

Ext wall opening quantity 58 58 58 100 100 100 

Ext wall 
opening dimensions (length, 

height, width) 
174 174 174 100 100 100 

Int wall quantity 115 115 149 77.2 100 87.1 

Int wall 
dimensions (length, height, 

width) 
345 336 336 100 97.4 98.7 

Int wall material 345 345 345 100 100 100 

Int wall opening quantity 33 33 33 100 100 100 

Int wall 
opening dimensions (length, 

height, width) 
99 99 99 100 100 100 

Floor quantity 12 12 12 100 100 100 

Floor 
dimensions (length, height, 

width) 
36 36 36 100 100 100 

Floor material 41 41 41 100 100 100 

Floor opening quantity - - - - - - 

Floor 
opening dimensions (length, 

height, width) 
- - - - - - 

Roof quantity 4 4 4 100 100 100 

Roof 
dimensions (length, height, 

width) 
12 12 12 100 100 100 

Roof material 4 4 4 100 100 100 

Roof opening quantity - - - - - - 

Roof 
opening dimensions (length, 

height, width) 
- - - - - - 

Column quantity 17 17 26 65.4 100 79.1 

Column 
dimensions (length, height, 

width) 
51 51 57 89.5 100 94.4 

Column material 17 17 26 65.4 100 79.1 

Beam quantity - - - - - - 
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Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Beam 
dimensions (length, height, 

width) 
- - - - - - 

Beam material - - - - - - 

Total/Average 2178 2169 2227 97.4 99.6 98.5 

 533 

Table 6. Result for the model T4. 534 

Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Ext wall quantity 12 12 18 66.7 100 80 

Ext wall 
dimensions (length, 

height, width) 
36 36 54 66.7 100 80 

Ext wall material 36 36 42 85.7 100 92.3 

Ext wall opening quantity 39 39 609 6.4 100 12.0 

Ext wall 
opening dimensions 

(length, height, width) 
117 117 2295 5.1 100 9.7 

Int wall quantity 12 12 12 100 100 100 

Int wall 
dimensions (length, 

height, width) 
36 36 36 100 100 100 

Int wall material 60 60 60 100 100 100 

Int wall opening quantity 41 41 41 100 100 100 

Int wall 
opening dimensions 

(length, height, width) 
123 123 123 100 100 100 

Floor quantity 3 3 8 37.5 100 54.5 

Floor 
dimensions (length, 

height, width) 
9 9 24 37.5 100 54.5 

Floor material 3 3 8 37.5 100 54.5 

Floor opening quantity - - - - - - 

Floor 
opening dimensions 

(length, height, width) 
- - - - - - 

Roof quantity 2 2 2 100 100 100 

Roof 
dimensions (length, 

height, width) 
6 6 6 100 100 100 

Roof material 4 4 4 100 100 100 

Roof opening quantity - - - - - - 

Roof 
opening dimensions 

(length, height, width) 
- - - - - - 

Column quantity 538 538 538 100 100 100 
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Component
/Element 

Item 
No. of 

relevant 
LC 

No. of LC 
correctly 
extracted 

No. of LC 
extracted  

P 
(%) 

R 
(%) 

F 
(%) 

Column 
dimensions (length, 

height, width) 
1614 1614 1614 100 100 100 

Column material 538 538 538 100 100 100 

Beam quantity 490 490 607 80.7 100 89.3 

Beam 
dimensions (length, 

height, width) 
1470 1005 1356 74.1 68.4 71.1 

Beam material 490 490 607 80.7 100 89.3 

Total/Average 5679 5214 8602 60.6 91.8 73.0 

 535 

A summary of the performance result in terms of precision, recall, and F1-measure for the 536 

development model and the four test cases is shown in Table 7. The output is a report in a 537 

comma-separated values file (.csv) that contains the result of the analysis. 538 

Table 7. Summary of the testing results. 539 

# Model  P (%) R (%) F1 (%) 

1 Dev* 100 100 100 

2 T1 83.92 90.30 87.00 

3 T2 100.00 90.56 95.05 

4 T3 97.40 99.59 98.48 

5 T4 60.61 91.81 73.02 

 *Development model 

 540 

4.6 Performance Improvement: Algorithm Refinement and Logic Rules Extension (Step 5-541 

6) 542 

After the evaluation step of each test model, the refinement algorithm and logic rules were 543 

extended to improve the reasoning performance. For the refinement algorithm, two specific 544 

predicates has_cfsfaces# and has_segments# used in the B-rep and swept solid geometric 545 

representations, respectively, were modified to facilitate the implementation of the inherent 546 

unification and SOL functions of prolog. This is done by extending the refinement algorithm in 547 

Step 5, which eliminates the numbering sequence of the predicates (has_cfsfaces and 548 

has_segments). Then, in Step 6, 28 new logic rules (18 extraction rules and 10 filtering rules) 549 

were added to the initial set of logic rules, to improve the reasoning capability of the ruleset 550 

(Table 8). Examples of geometric representation and profile definition variations encountered for 551 

walls, roofs, and floors information, include B-rep and arbitrary closed profile, respectively. 552 
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After application of Step 5 and 6, the proposed method was able to extract and infer all the 553 

information from the BIM models. 554 

Table 8. List of new rules developed from the testing models (T1-T4). 555 

Rules 
Rule 

Type* 

Component

/element 
Source IFC Object 

Geometric 

Representation 

Profile 

Definition 

Target 

information 

1 I 

Interior 

Wall 

IfcWallStandardCase 

sweptsolid arbitrary closed 

Dimensions 
2 I clipping Rectangle 

3 I clipping arbitrary closed 

4 I 
IfcWall 

clipping Rectangle 

5 I   Material 

6 I 

Exterior 

Wall 
IfcWallStandardCase 

clipping Rectangle 
Dimensions 

7 I clipping arbitrary closed 

8 III   
Material 

9 III   

10 III 
Exterior 

Wall 
IfcWall 

  Object type 

11 III Opening IfcOpeningElement   

12 I 

Floor IfcSlab 

sweptsolid arbitrary closed Dimensions 

13 III   

Material 14 III   

15 III   

16 I 

Roof 

IfcRoof Facetedbrep  
Dimensions 

17 I IfcSlab sweptsolid arbitrary closed 

18 I IfcSlab   Material 

19 I 
Opening IfcOpeningElement 

sweptsolid arbitrary closed 
Dimensions 

20 I Facetedbrep  

21 III 
Column IfcColumn   Material 

22 III   

23 I 

Beam IfcBeam 

sweptsolid 
Rectangle 

(assembly) 

Dimensions 
24 I sweptsolid arbitrary closed 

25 I clipping arbitrary closed 

26 I clipping Rectangle 

27 I Facetedbrep  

28 III   Material 

 *Type I: extraction; Type II: inference; Type III: filtering 

4.7 Time Performance Testing 556 

A time performance testing of the proposed method implementation was empirically 557 

performed. The results show that the processing time increases with the total number of logic 558 
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clauses and the number of relevant logic clauses (Table 9). The total number of logic clauses 559 

correspond to the loading time of the logic facts into the prolog system and the number of 560 

relevant logic clauses are related to the searching and matching of the logic clauses according to 561 

the relationship from the logic rules. The longest analysis time corresponds to the T4 model and 562 

it took around a minute to complete, despite having to load 524,561 logic clauses and to analyze 563 

5,679 relevant clauses. The experiments were conducted using a laptop with a random access 564 

memory (RAM) of 15.7 gigabytes and an Intel(R) Core(TM) i7-9750H processor with 2.60 565 

gigahertz (GHz) of central processing unit (CPU) speed. 566 

Table 9. Time performance results. 567 

Model Total Number of Logic Clause Number of Relevant Logic Clause Time (s) 

Dev 11,647 628 0.11 

T1 62,877 526 0.82 

T2 212,787 1,684 6.49 

T3 548,053 2,178 39.88 

T4 524,561 5,679 78.24  

 568 

4.8 Discussion 569 

A closer comparison on the performances between the implementation of the method using a 570 

learning curve and the implementation with only the initially developed logic rules are shown in 571 

Figure 13, Figure 14, and Figure 15. The results showed an overall increase in precision, recall, 572 

and F1 measure for the test models (T1-T4), except for the model T4 because it contained 2,295 573 

recesses that are mapped as openings in the IFC model, causing the overall performance to drop.  574 
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Figure 13. Learning curve for precision. 576 

 577 

  578 

Figure 14. Learning curve for recall. 579 

 580 

 581 

Figure 15. Learning curve for F1 measure. 582 

Besides the information extraction and inference, the algorithm was also able to classify all 583 

components’ properties and relations correctly. Properties and relations include the function of 584 
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walls (i.e., internal or external) and slabs (i.e., roof or floor), material properties set, relationship 585 

between walls and openings, and others. Lastly, although the derived information is presented in 586 

a general file format (.csv), which can be used for quantity takeoff and fabrication purposes (e.g., 587 

cutting), it can be easily extended to other file formats (e.g., .nc for CNC code and .py for robotic 588 

controllers) based on the requirements of the downstream applications.  589 

5. Contributions 590 

The proposed method contributes to the body of knowledge in four main ways. First, it 591 

provides a promising way, in terms of recall, precision, and time efficiency, to analyze BIM 592 

models and infer construction level information to facilitate wood construction automation, by 593 

providing logic representation and reasoning based on powerful but underexplored FOL and 594 

SOL. Furthermore, the generated information (e.g., length of the wood elements) can be further 595 

transferred as input to downstream applications (e.g., CNC or robots) to perform operations (e.g., 596 

cutting) in a continuous and digital workflow. Second, this research confirmed the robustness of 597 

logic representation and reasoning to represent and reason about IFC schema information in the 598 

AEC domain, such a new application area is demonstrated in addition to the existing automated 599 

code compliance checking research [69]. Third, this research leveraged SOL for efficient 600 

information extraction from IFC-based BIM models by extending the binary nature of the FOL 601 

(i.e., satisfy or fail) into set quantification (i.e., all instances of a query). Fourth, unlike existing 602 

BIM Application Programming Interface (APIs) that are integrated in proprietary software to 603 

achieve data extractions from the software’s native formats, the proposed approach utilizes IFC 604 

as the BIM input data representation, which contributes to the standardization and 605 

interoperability of information exchange in the AEC domain. 606 

6. Conclusions, Limitations, and Future Direction 607 

The objective of this research was to analyze building design information using logic 608 

representation and reasoning and to infer construction level information for supporting wood 609 

construction automation during preconstruction. To accomplish this, a novel data-driven method 610 

was proposed that utilizes FOL and SOL approaches to reason about logic enabled BIM models. 611 

More specifically, the proposed method can be used for automated information extraction (e.g., 612 

quantities and dimensions) and information inference (e.g., area and weight) from the logic 613 

enabled IFC representation of building objects. The proposed method was successfully 614 

implemented using B-Prolog and a development BIM model. In addition, the proposed method 615 

was tested and validated in four unseen BIM models. The experimental results have shown that 616 

the proposed method can achieve high performance in precision, recall, and F1 measure. These 617 
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experiments confirmed that the iterative nature of the proposed method serves to continuously 618 

improve the results until a satisfactory performance is achieved. By adding more supplementary 619 

logic rules to the current set of rules, the analysis capabilities of the proposed method become 620 

more robust every time rules are created and added based on previously unseen cases of IFC 621 

object instances. The research has also empirically shown that the use of logic-enabled algorithm 622 

is time efficient.  623 

The impact of this work in the AEC domain could be far-reaching. First, the proposed method 624 

opens the door to greater automation in decision making and computational tasks in the AEC 625 

domain by providing a ready-for-reasoning representation of building information. Second, the 626 

application of this work could be extended to support automation in the construction domain in 627 

general such as in robotic automation, lean construction, or lifecycle analysis, among others, by 628 

customizing reasoning rules. Third, the proposed method builds on the open standard IFC and 629 

logic representation, which favor the interoperability and human readability (as long as the 630 

predicate names are meaningful), respectively.   631 

One limitation of this study is the use of bounding box to determine the dimensions of 632 

irregular shaped BIM objects. In many cases, wood in construction such as studs are 633 

parallelepiped and the dimensions of the bounding box matched with the real ones, however, in 634 

some cases, the use of the bounding box dimensions can be inaccurate, especially for irregular 635 

shape elements. This limitation becomes important when computing the volume and weight of 636 

irregular shape elements because the magnitude of the error increases with the degree of 637 

irregularity. Another limitation is that the quality and quantity of the extracted information 638 

depend on the level of development of the BIM model. For example, in a LOD 300 BIM model, 639 

the columns (studs) information would not be modeled, therefore the method would not be able 640 

to capture that information. Lastly, despite that the proposed method is applicable to any level of 641 

prefabrications of offsite construction, the test cases focused on were wood construction mainly. 642 

Despite these limitations, the proposed method has shown to be promising and reliable for 643 

automated BIM model information analysis.  644 

Further work is needed to improve the comprehensiveness of the proposed implementation for 645 

irregular shape objects. Additionally, the logic-enabled BIM model information is lacking in 646 

terms of the semantic for offsite construction and the level of details of BIM models. Therefore, 647 

to leverage these two aspects, in future work, the authors will propose a knowledge model that 648 

would further help with the analysis of wood construction. In terms of the level of details, one 649 

direction is to analyze information from BIM models with LOD 400, which provide a richer 650 

content information for fabrication and/or construction phase. Another alternative is to 651 

https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077
https://www.sciencedirect.com/science/article/pii/S0926580521002077


This article was published in Automation in Construction, 129(September 2021), Wong Chong, 

O., and Zhang, J., "Logic Representation and Reasoning for Automated BIM Analysis to Support 

Automation in Offsite Construction," 103756, Copyright Elsevier (2021). 

https://www.sciencedirect.com/science/article/pii/S0926580521002077 

 

36 

 

complement the current method with shop drawings and/or specifications information. This way 652 

will provide additional information that are missing from LOD 300-350 BIM models. 653 
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