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ABSTRACT 24 

The results of quantity take-off (QTO) based on building information modeling (BIM) 25 

technology rely heavily on the geometry and semantics of 3D objects that may vary among 26 

BIM model creation methods. Furthermore, conventional BIM models do not contain all 27 

the required information for automatic QTO and the results do not follow the descriptive 28 

rules in the standard method of measurement (SMM). This paper presents a new knowledge 29 

model-based framework that incorporates the semantic information and SMM rules in BIM 30 

for automatic code-compliant QTO. It begins with domain knowledge modeling, taking 31 

into consideration QTO-related information, semantic QTO entities and relationships, and 32 

SMM logic formulation. Subsequently, linguistic-based approaches are developed to 33 

automatically audit the BIM model integrity for QTO purposes, with QTO algorithms 34 

developed and used in a case study for demonstration. The results indicate that the proposed 35 

new framework automatically identifies the semantic errors in BIM models and obtains 36 

code-compliant quantities.  37 

 38 

Keywords:  39 

Automatic semantic auditing, Building information modeling, Code-compliant, Data 40 

model, Knowledge model-based framework, Quantity take-off, Semantic representation   41 

 42 

1. INTRODUCTION 43 

Quantity take-off (QTO) is one of the most fundamental activities in a construction 44 

project [1,2]. The material quantities have substantial impacts on the outcome of the cost 45 

estimation [3]. Quantity surveyors use their experience to interpret 2D design drawings and 46 

manually or semi-automatically calculate the material quantities according to the 47 

descriptive rules in the standard method of measurement (SMM), which is a time-48 

consuming and error-prone process [4–6]. The building information modeling (BIM) 49 

technology has had revolutionary impacts on the conventional QTO process as quantities 50 

can be taken automatically from 3D design models [5]. The BIM-based method makes the 51 

QTO process more automated and reliable than the conventional methods using 2D 52 

drawings [5,7,8].  53 
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In addition to QTO automation, the accuracy of the output material quantities from 54 

BIM is another major concern [9–11]. The accuracy of QTO can be attributable to two 55 

fundamental aspects. Firstly, the limitations of BIM data hinder a smooth QTO. In the BIM 56 

domain, open standard Industry Foundation Classes (IFC) can express the geometric and 57 

semantic information of building elements. However, the IFC-based BIM model does not 58 

incorporate all the necessary information for conducting accurate QTO. It lacks fine-59 

grained definitions for QTO-specific purposes. For example, the coffered and troughed 60 

slab specified in the SMM [12] is missing in IfcSlabTypeEnum. On the other hand, the 61 

information stored in BIM models may not be sufficient for QTO [13]. The lack of QTO-62 

related information impedes the performing of measurement rules. For example, missing 63 

concrete grade information may result in inaccurate concrete quantities because the SMM 64 

specifies different measurement methods when elements at joints have the same and 65 

different concrete grades [12]. Secondly, the material quantities computed from existing 66 

BIM authoring software rely heavily on the geometry of 3D objects. Such a model-based 67 

approach depends on the geometric representation of building elements without taking into 68 

consideration the calculation logic in SMM, therefore the QTO results may not be 69 

compliant with the measurement rules [14,15]. It is not uncommon to see that the output 70 

quantity for the same building element varies due to different ways of creating the design 71 

BIM model [3]. Fig 1 (a) and (b) demonstrate two different BIM model creation methods 72 

for a beam-suspended slab joint, and the impact on quantity measurement.  73 

  74 

 

(a) The slab is created to the side of the beam 

 

(b) The slab is created through the beam 

Fig 1. Different BIM model creation methods for a beam-suspended slab joint  75 
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As Fig 1. (a) shows, the slab is created to the side of the beam, therefore, the 76 

quantity of the beam taken from the BIM model is 𝑏 × 𝑙 × ℎ1. However, this may not be 77 

compliant with the SMM rules adopted by many commonwealth countries. As shown in 78 

Fig 2, according to SMM rules, if the concrete grades of the beam and slab are different, 79 

the beam quantity should be measured through the slab (𝑏 × 𝑙 × ℎ1), which is the same as 80 

the geometric representation of the BIM model. Otherwise, the beam should be measured 81 

only to the soffit of the slab (𝑏 × 𝑙 × ℎ2). The lack of the required semantic information 82 

and the formulation of calculation logic in  BIM cause inaccuracies in automatic QTO and 83 

practical cost estimation.  84 

 85 

 86 

Fig 2. Part of the SMM descriptions for measuring slab quantities [12] 87 

 88 

To make the results compliant with the SMM rules, extensive efforts are required. 89 

Quantity surveyors need to adjust the results exported from BIM software or engineers 90 

need to follow specific model creation methods for QS. Either approach involves 91 

considerable manual adjustments and a good understanding of QS rules, which is almost 92 

impossible in practice. Alternatively, quantity surveyors can use commercial QTO 93 

software (e.g., Glodon Cubicost [16]), where IFC (Industry Foundation Classes)-based 94 

BIM models are imported to generate quantities. However, users need to setup or adjust 95 

the rule templates in the software to have accurate results, which indeed requires users to 96 

be familiar with the settings and put considerable effort in making the adjustments. 97 

Moreover, the commercial QTO software obtains quantities in a model-based manner, 98 

which means the calculation is purely based on the geometric modeling, making the results 99 

vulnerable to BIM model creation methods. In addition to the code-compliance problem, 100 

the representation of measurement standards is another matter of concern. These are 101 

usually certain descriptive rules (e.g., “The measurement of suspended slabs is taken across 102 

columns and beams, except where the columns or beams are of a different mix.”) [12] that 103 
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are understood by domain experts but not clear to others for the design of computerized 104 

programs in facilitating the QTO process.  105 

Therefore, the objective of this study is to develop a new knowledge model-based 106 

framework to incorporate all the required information and formulate the SMM rules in BIM 107 

for semantic richness assurance and automatic code-compliant (i.e., the quantities are 108 

compliant with the SMM)  QTO. Automatic and code-compliant QTO can be undertaken 109 

for modeled and unmodeled elements regardless of the BIM model creation method. SMM 110 

is the measurement standard in commonwealth countries. Thus, the identification and 111 

formulation of SMM requirements and rules are applicable to a wide range of areas. The 112 

proposed framework starts with domain knowledge modeling via discussions with domain 113 

experts, identification of QTO-related information, establishment of a QTO semantic data 114 

model (with related entities and their relationships), and formulation of SMM calculation 115 

logic for QTO automation. Following this, an automatic semantic auditing approach based 116 

on linguistic techniques is proposed to check the integrity of design BIM models, including 117 

the data completeness and correctness for QTO applications. Based on the knowledge 118 

model as well as the complete and correct BIM data, new calculation concepts and methods 119 

are designed to integrate both geometric and semantic information for obtaining quantities 120 

of modeled and unmodeled elements comprehensively. The performance of the proposed 121 

auditing and QTO methods are verified using BIM authoring software, with illustrative 122 

examples in different QTO scenarios. 123 

The rest of the paper is organized as follows: Section 2 introduces previous studies 124 

on automatic and code-compliant QTO. Section 3 presents the methodology of this 125 

research, including knowledge modeling, semantic auditing, and automation in building 126 

quantity measurement, followed by the computational algorithms for automatic 127 

measurement of building quantities in Section 4. Section 5 uses illustrative examples to 128 

verify the performance of the proposed framework. Section 6 concludes the whole paper 129 

with recommendations for future work.   130 

 131 

2. LITERATURE REVIEW  132 

To date, various studies have explored the ways to tackle the aforementioned 133 

problems. To solve the time-consuming and error-prone problems of traditional methods 134 
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that are based on 2D drawings and quantity surveyors’ experience [4–6], early research 135 

linked the 2D CAD drawings with the bill of quantities automatically [17]. BIM provides 136 

the ability to extract quantities from 3D design models directly and therefore is faster and 137 

more reliable [5,7,8]. Bečvarovská and Matějka [18] concluded that time is saved and 138 

errors are reduced after applying BIM, based on a case study comparing BIM-based QTO 139 

and traditional methods. By using BIM models, quantities can be automatically generated 140 

and linked with cost information to enable a quick and flexible cost estimation process 141 

[19,20]. Leveraging BIM and ontology techniques, Lee et al. [21] automatically obtained 142 

quantities and associated them with work items to generate bills of quantities. Taking 143 

advantages of BIM and web-based techniques, bills of quantities can be  prepared 144 

automatically and intuitively [22]. 145 

However, despite the high demand in cost and time required in modeling sufficient 146 

details for BIM-based QTO and cost estimation [23,24], coupled with the attempts to 147 

improve productivity in the modeling process [9,25], the accuracy problem due to the 148 

modeling methods was found to be one of the main obstacles in the BIM-based QTO 149 

process [3]. Through two BIM-based QTO case studies, Firat et al. [26] suggested adopting 150 

agreed modeling guidelines to create BIM models for QTO. Monteiro and Martin [3] 151 

explored the model behavior under the constraints of QTO specifications and proposed 152 

detailed modeling guidelines to allow quantity surveyors to extract the quantities in 153 

accordance with the specifications. Zima [27] reported that the modeling methods have 154 

significant impacts on the accuracy of the quantities, and the elements should be modeled 155 

to reflect their actual construction procedures (e.g., the walls should be modeled by 156 

separate layers) to have accurate results. By comparing the results from four interior cases, 157 

Kim et al. [10] analyzed the quantity discrepancies, identified the impacting factors of such 158 

discrepancies and proposed modeling and measuring strategies to reduce them.  159 

Another focus concerns better inference of quantities using BIM model information. 160 

Aram et al. [1] proposed a knowledge-based framework to calculate the quantities of 161 

precast concrete, with a domain knowledge base to infer and provide information for QTO 162 

and cost estimation tasks. Cho and Chun [28] used BIM object information to compute the 163 

quantities of concrete and formwork, and used Decision Tree Model and Case-based 164 

Reasoning to predict rebar quantities. Rajabi et al. [29] used a set of QS logic to estimate 165 
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the quantities of the Mechanical, Electrical and plumbing (MEP) trades. Khosakitchalert 166 

et al. [2] used the information from the concept of BIM-based clash detection to subtract 167 

excessive quantities and add missing quantities to get accurate quantities for compound 168 

elements. Some scholars attempted to infer quantities of unmodeled elements using 169 

available BIM object information. For example, Lim et al [30], Khosakitchalert et al. [31], 170 

and Cepni and Akcamete [32] calculated formwork quantities mainly through subtracting 171 

intersection regions to obtain exposed surfaces. Romanovskyi et al. [33], Hyun et al. [34] 172 

and Lee et al. [35] utilized information on the concrete elements and design formulas to 173 

generate formwork designs and quantities. Similarly, Wei et al. [36] computed auxiliary 174 

materials in housing construction based on elements’ information and calculation formulas. 175 

Making use of the provided BIM model information and pre-defined rules, Kim and Teizer 176 

[37] produced scaffolding designs automatically.  177 

Further, research has begun to emphasize the problems of inadequate information 178 

in BIM models [38–40] and conflicts with measurement rules [14,15]. Choi et al. [13] 179 

proposed an open BIM-based approach to check BIM model information availability and 180 

then calculate the quantities of structural framing. To solve the interoperability problem of 181 

BIM models from different tools, Akanbi et al. [41] proposed a bottom-top method to trace 182 

the information in the IFC files for the design of robust QTO algorithms. Khosakitchalert 183 

et al. [42] took advantage of the drywall information in the BIM model to calculate the 184 

quantities of wall framings [43]. Liu et al. developed an ontology-based system to infer 185 

non-expressed information in BIM models to support QTO for wall framings. Ma et al. [15] 186 

designed a semi-automatic system based on measurement standards in China for BIM-187 

based cost estimation. The system incorporates the measurement rules in Chinese 188 

specifications, such as the void omission and volume reduction at intersecting elements, 189 

for the computation of building quantities. In another study by Ma et al. [44], an ontology 190 

for cost estimation specifications in China was established to classify the items in the bill 191 

of quantities. Similarly, Xu et al. [45] and Abanda et al. [46] developed and used ontology 192 

to automatically calculate quantities in accordance with the measurement standards from 193 

BIM models. 194 

In summary, the BIM-based method can make the QTO process automatic and thus 195 

can bring considerable benefits to QS professionals in terms of time and error. However, 196 
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the accuracy (i.e., compliance with measurement rules) of the BIM-based method is still a 197 

matter of concern. Various studies have tried to achieve automatic and accurate BIM-based 198 

QTO, but the incomplete information and the non-compliance with measurement rules are 199 

the main obstacles. While a few studies have explored QTO information interpretability 200 

and the code-compliance of the results, a clear, systematic, and general representation of 201 

the descriptive measurement requirements and rules is still lacking, and comprehensive 202 

rule-compliance of the results covering both modeled and unmodeled elements has not 203 

been addressed. Furthermore, even though some previous studies and software tools in the 204 

market attempted to incorporate SMM rules into the automatic QTO, their approaches are 205 

still limited to the model-based method, which means the computation of material 206 

quantities is subject to appropriate geometric representations of design BIM models. No 207 

research has focused on the robustness to model creation methods for the same structure 208 

and potential unintended information mistakes in the QTO process, which would also cause 209 

inaccuracies in the results. Therefore, with the development of a framework that includes 210 

a knowledge model incorporating SMM requirements and rules, semantic auditing 211 

approaches, and new QTO concepts and algorithms, this study ensures BIM model 212 

semantic richness for QTO purposes and generates code-compliant quantities that are 213 

robust to different BIM model creation methods. It contributes to the following:   214 

 Enhancing the interoperability and openness of QTO-related information through 215 

the establishment of a semantic data model and the formulation of measurement 216 

rules. 217 

 The principles of the proposed semantic auditing approach based on linguistic 218 

techniques can be applied not only for QTO but also for other purposes to ensure 219 

semantic richness in the applications. 220 

 The newly designed QTO concepts and algorithms can provide quantity surveyors 221 

with automation, accuracy, and robustness in the QTO process for both modeled 222 

and unmodeled elements. 223 

 224 

3. METHODOLOGY 225 

As shown in Fig 3, the proposed methodology framework starts with knowledge 226 

modeling by leveraging SMM rules and domain knowledge from quantity surveyors in 227 
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order to identify the information requirements for automatic QTO. Following this, a 228 

semantic data model is established to represent the QTO-related entities, attributes and 229 

their relationships. In addition, a rule library is constructed to represent the calculation 230 

logic from SMM for supporting the automatic QTO. Furthermore, an automatic semantic 231 

auditing method based on linguistic techniques is proposed to check the information 232 

completeness and correctness in the design BIM models. Last but not least, the geometric 233 

and semantic information from the audited BIM model is utilized as the input for automatic 234 

measurement. It first goes through the category discrimination logic, such as the 235 

classification between columns and walls based on the aspect ratio and the consideration 236 

regarding bottom and top formworks to horizontal elements based on the sloping. For 237 

modeled elements, the semantic information (e.g., concrete grade) is utilized to determine 238 

the calculation scope (e.g., other elements are measured to the soffit of the slab or through 239 

the slab). Based on such judgments, the geometric information (e.g., element solid, cross-240 

section) is extracted as the input for the corresponding measurement modules where new 241 

calculation concepts and methods are designed to perform the code-compliant QTO. The 242 

extracted geometric information of the modeled elements is also utilized to support the 243 

logical deduction in the calculation for the quantities of unmodeled elements such as 244 

formwork. Based on logical deduction, the quantities in terms of dimensions and/or 245 

numbers can be obtained. Finally, after processing the geometric and semantic information 246 

in the BIM model comprehensively, the measurement modules output the quantities of both 247 

the modeled and unmodeled elements in compliance with the measurement rules. In this 248 

research, the Hong Kong Standard Method of Measurement 4 (HKSMM4) [12] is selected 249 

as an illustrative example. The major rules and ideas are similar in the commonwealth 250 

countries (the UK, Singapore, etc.) that adopt SMM and/or CEMS as the measurement 251 

standards. Details of the methodology are provided in the following subsections.       252 
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 253 

Fig 3. Overview of the proposed methodology framework 254 
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 255 

 256 

Fig 4. Typical QTO process map showing the information flow and data exchange among different tasks and stakeholders257 
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3.1. Knowledge Modeling   258 

3.1.1. Identification of information requirements  259 

To identify the required information for QTO, Fig 4 shows a typical QTO process 260 

map of a construction project that includes the QTO information flow and data exchange 261 

among different tasks and stakeholders. It involves three main stages (i.e., inception, design, 262 

and construction, from left to right columns) and four major groups of stakeholders (i.e., 263 

project owner, design team, consultant quantity surveyor who provides QTO and cost 264 

estimation for the project owner, contractor and contractor quantity surveyor, from top to 265 

bottom rows). At the inception stage, the project owner initializes the project and passes 266 

the project requirements such as the project scope and QTO/cost target to the design team 267 

for the concept design. After the concept design is completed, the architects define a layout 268 

with all the necessary elements and their placements, as well as the space objects and 269 

configurations. The information requirements in terms of the project, site, building, 270 

building stories and 3D geometry of the basic elements should be met. Next, the concept 271 

design information is delivered for QTO preparation. The designers provide necessary 272 

supplements or modifications of the design information such as construction types, 273 

building geometry and design parameters for the QTO purpose. The prepared QTO design 274 

information is then validated to ensure that the design incorporates the QTO requirements. 275 

The design ready for QTO is sent to the consultant quantity surveyors. The QTO analysis 276 

information should meet the exchange requirements from design to QTO at this stage, 277 

which should include the geometry of elements, construction types, identity properties and 278 

any other necessary modifications to the building.  279 

Based on the received design information, the consultant quantity surveyors take 280 

off the material quantities and estimate the costs according to the owner’s requirements 281 

and SMM rules. The project owner checks whether the QTO and/or cost estimated meet 282 

the project requirements (e.g., project scope, QTO, and cost targets). The cost of the design 283 

is deemed acceptable if the project requirements are met;  otherwise, the designers need to 284 

modify the design solutions until the requirements are met.  If the concept design is 285 

accepted,  the design information is delivered to structural and MEP engineers for design 286 

development.  This stage includes the representations of different kinds of building objects 287 

in varying shapes, sizes, locations, etc., and the attached non-graphical properties. It goes 288 
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through the evaluation of contractors and may be modified over several rounds until 289 

confirmation. Next, the contractor adjusts the received design information for material 290 

QTO. The corresponding design information is validated to ensure that it is ready for QTO 291 

in terms of the required information. Finally, the contractor quantity surveyors take off the 292 

material quantities and estimate the construction cost based on the detailed material 293 

information, construction method statement, SMM rules, etc.  294 

Through this identification process, the QTO-related information, as well as its 295 

transfer among different major stakeholders and stages, is recognized, providing the basis 296 

for the representation of QTO semantics. The process map links the information flow and 297 

data exchange among different stakeholders towards material QTO, and the required 298 

information at different stages can then be identified to determine the semantic data model.  299 

3.1.2. Semantic data model  300 

Based on the process map, all the required information for automatic QTO in 301 

accordance with SMM can be taken to establish the data model. The data model represents 302 

all the QTO-related entities, their attributes, and semantic relationships, which are then 303 

leveraged to formulate the calculation logic in SMM. In this paper, typical modeled and 304 

unmodeled elements in HKSMM4 Section VII: Concrete Works  [12] are selected to build 305 

a semantic data model in common scenarios of in-situ concrete structures for illustrative 306 

purposes, using relevant entities, attributes, and relationships in the latest official IFC 307 

standard, IFC4_ADD2_TC1 [47], as shown in Fig 5. Entities/attributes that are required 308 

for QTO but are missing in the standard are highlighted in red.     309 

Part Ⅰ shows the most fundamental modeled building elements in SMM. Element 310 

attributes and relationships are generalized in the supertype IfcBuildingElement. Each 311 

element should have a unique identifier and unit, which are the Reference and Unit 312 

properties in Pset_EnvironmentalImpactIndicators. In addition, concrete grade 313 

information (i.e., the StrengthClass property in Pset_ConcreteElementGeneral) is needed 314 

for in-situ concrete elements in order to formulate the SMM calculation logic under the 315 

situations of using the same and different concrete grades between slabs and other elements  316 

(i.e., beams, columns, and walls are measured to the soffit of the joined slabs if their 317 

concrete grades are the same as those of the slabs, otherwise, they are measured through 318 

the slabs. More details can be seen in Section 3.1.3). IfcProductDefinitionShape and 319 
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IfcShapeRepresentation represent that the modeled elements may have varying shapes with 320 

different dimensions, and IfcQuantityVolume indicates that those modeled concrete 321 

elements are measured in volume. IfcBeam, IfcColumn, IfcWall, IfcSlab are four subtypes 322 

of IfcBuildingElement and inherit the common attributes from it. Of note is that each of the 323 

modeled elements may have unique geometric features and/or be subject to specific SMM 324 

rules, thus they may consist of additional attributes to meet the information requirements 325 

for automatic QTO. For example, in the SMM rules, top formworks are required for 326 

horizontal elements (e.g., beam and slab)  if the slopes are greater than 15°. Subsequently, 327 

the Slope and PitchAngle properties in Pset_BeamCommon and Pset_SlabCommon are 328 

needed for IfcBeam and IfcSlab, respectively. Further, for these modeled elements, the 329 

SMM rules have specific definitions that should be classified separately, such as suspended 330 

slabs and coffered and troughed slabs, which are specified through the predefined or 331 

extended types in IfcSlabTypeEnum, IfcWallTypeEnum, and IfcBeamTypeEnum.  332 

Part Ⅱ represents the void information in building elements. IfcRelVoidsElement 333 

associates IfcBuildingElement and IfcOpeningElement as well as the volume. This 334 

information is required because the SMM has special measurement rules for voids. For 335 

example, voids less than 0.5 𝑚3 are not subtracted from concrete quantities. Similarly, no 336 

subtractions are made in formwork quantities for openings less than 1.0  𝑚2.  337 

Part Ⅲ describes the QTO-related information for formwork. Formwork can be 338 

instantiated as a product through IfcConsturctionProductResource. It is an unmodeled 339 

element, so the calculation of quantities relies on the information from the assigned 340 

modeled elements. It is measured in different units (e.g., 𝑚2, Number) in the SMM rules 341 

(e.g., formworks to cantilever ends are counted in numbers), which is expressed by 342 

IfcPhysicalSimpleQuantity such as IfcQuantityArea and IfcQuantityCount. Specifically,  343 

SMM requires different kinds of formworks (e.g., left-in and permanent) to be measured 344 

separately. Such fine-grained classifications are required through FormworkType 345 

properties for the distinction purpose.  346 



15 
 

 347 

Fig 5. Semantic data model for QTO 348 

 349 

3.1.3. Mathematical Formulation of SMM Logic  350 

The semantic data model provides the necessary information to help formulate the 351 

calculation logic in SMM. In this paper, a rule library is developed to express the logic of 352 

the modeled elements and unmodeled elements aforementioned. Fig 6 shows the typical 353 

joints of in-situ concrete elements. Detailed formulations are as follow. 354 

 355 

 

(a) Slab-beam joint 
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(b) Slab-column/wall joint 

Fig 6. Typical joints of in-situ concrete elements 356 

 357 

• Generic formula for slabs and beams 358 

For QTO of in-situ concrete slabs, the key principle is to determine the priorities 359 

between the slabs and other concrete elements. For example, in a beam-suspended slab 360 

joint, if the concrete grades of the beam and slab are the same, the slab quantity should be 361 

measured through the beam. Otherwise, it should be measured only to the side of the beam. 362 

As such, the automatic QTO for slabs and beams follow the equations below: 363 

𝑉𝑠𝑙𝑎𝑏 = 𝐴𝑠𝑙𝑎𝑏 × 𝑇𝑠𝑙𝑎𝑏 − 𝑉𝑣𝑜𝑖𝑑_𝑠𝑙𝑎𝑏 (1) 

𝐴𝑠𝑙𝑎𝑏 = {
𝐴𝑠𝑙𝑎𝑏

′ ,        𝐶𝑠𝑙𝑎𝑏
 = 𝐶𝑜𝑡ℎ𝑒𝑟

 

𝐴𝑠𝑙𝑎𝑏
′ − 𝐴𝑜𝑡ℎ𝑒𝑟,     𝐶𝑠𝑙𝑎𝑏

 ≠ 𝐶𝑜𝑡ℎ𝑒𝑟
  

(2) 

𝑉𝑣𝑜𝑖𝑑_𝑠𝑙𝑎𝑏 = {
0, 𝑉𝑣𝑜𝑖𝑑_𝑠𝑙𝑎𝑏 ≤ 0.05𝑚3 

𝑉𝑣𝑜𝑖𝑑_𝑠𝑙𝑎𝑏, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(3) 

 364 

where 𝑉𝑠𝑙𝑎𝑏 represents the volume of slab (𝑚3), 𝐴𝑠𝑙𝑎𝑏 is the area of slab (𝑚2), 𝐴𝑠𝑙𝑎𝑏
′  refers 365 

to the area of slab soffit across joined elements (𝑚2), 𝐴𝑜𝑡ℎ𝑒𝑟 is the soffit and cross-section 366 

areas of joined elements (𝑚2), 𝑇𝑠𝑙𝑎𝑏 is the thickness of slab (𝑚), and 𝑉𝑣𝑜𝑖𝑑_𝑠𝑙𝑎𝑏 stands for 367 

the void space in slab concrete (𝑚3). 𝐶𝑠𝑙𝑎𝑏
  and 𝐶𝑜𝑡ℎ𝑒𝑟

  are the concrete grades of the slab 368 

and the joined elements, respectively.  369 

𝑉𝑏𝑒𝑎𝑚 = 𝐴𝑏𝑒𝑎𝑚 × 𝐻𝑏𝑒𝑎𝑚 − 𝑉𝑣𝑜𝑖𝑑 (4) 

𝐻𝑏𝑒𝑎𝑚 = {
𝐻𝑏𝑒𝑎𝑚

′ − 𝑇𝑠𝑙𝑎𝑏 ,      𝐶𝑠𝑙𝑎𝑏
 =  𝐶𝑏𝑒𝑎𝑚

 

𝐻𝑏𝑒𝑎𝑚
′ , 𝐶𝑠𝑙𝑎𝑏

 ≠ 𝐶𝑏𝑒𝑎𝑚
  

(5) 
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𝑉𝑣𝑜𝑖𝑑_𝑏𝑒𝑎𝑚 = {
0, 𝑉𝑣𝑜𝑖𝑑_𝑏𝑒𝑎𝑚 ≤ 0.05𝑚3 

𝑉𝑣𝑜𝑖𝑑_𝑏𝑒𝑎𝑚, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(6) 

 370 

in which 𝑉𝑏𝑒𝑎𝑚 refers to the volume of beam (𝑚3), 𝐴𝑏𝑒𝑎𝑚 is the area of beam soffit (𝑚2), 371 

𝐻𝑏𝑒𝑎𝑚 is the height of beam (𝑚), 𝐻𝑏𝑒𝑎𝑚
′  is the height from the soffit of the beam to the top 372 

surface of the slab (𝑚), 𝑇𝑠𝑙𝑎𝑏 refers to the thickness of joined slab (𝑚), and 𝑉𝑣𝑜𝑖𝑑_𝑏𝑒𝑎𝑚 373 

stands for the void space in beam concrete (𝑚3). 𝐶𝑠𝑙𝑎𝑏
  and 𝐶𝑏𝑒𝑎𝑚

  are the concrete grades 374 

of the beam and the joined slab, respectively.  375 

 376 

• Generic formula for columns and walls 377 

For QTO of in-situ concrete walls and columns, the categories should be first 378 

classified before the calculation. For example, if the width of a column exceeds four times 379 

its thickness, it is classified as a wall. The main calculation principle is similar to that of 380 

beams. If the column/wall and slab are of a different mix, the volume of the column/wall 381 

should be measured through the slab (i.e., measured up to the top of the slab). Otherwise, 382 

it is measured up to the soffit of the slab. Therefore, the equations for taking off the 383 

quantities of columns and walls are as below.  384 

𝑉𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 = 𝐴𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 × 𝐻𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 − 𝑉𝑣𝑜𝑖𝑑_𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 (7) 

𝐻𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 = {
𝐻𝑠𝑡𝑜𝑟𝑦 − 𝑇𝑠𝑙𝑎𝑏, 𝐶𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙

 =  𝐶𝑠𝑙𝑎𝑏
 

𝐻𝑠𝑡𝑜𝑟𝑦, 𝐶𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙
 ≠ 𝐶𝑠𝑙𝑎𝑏

  
(8) 

𝑉𝑣𝑜𝑖𝑑_𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 = {
0, 𝑉𝑣𝑜𝑖𝑑_𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 ≤ 0.05𝑚3 

𝑉𝑣𝑜𝑖𝑑_𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(9) 

 385 

where 𝑉𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙  refers to the volume of column and wall (𝑚3), 𝐴𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙  is the 386 

cross-section area of column and wall (𝑚2), 𝐻𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙 stands for the height of column 387 

and wall (𝑚), 𝐻𝑠𝑡𝑜𝑟𝑦 is the height of story (𝑚), 𝑇𝑠𝑙𝑎𝑏 represents the thickness of joined 388 

slab (𝑚), and 𝑉𝑣𝑜𝑖𝑑   is the void space in concrete (𝑚3). 𝐶𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙
  and 𝐶𝑠𝑙𝑎𝑏

  are the 389 

concrete grades of column/wall and the joined slab, respectively. 390 

 391 

• Generic formula for formworks 392 
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For QTO of formworks, the key principles are the discrimination of formwork areas 393 

(e.g., different side formwork areas of internal and external columns), the reduction/no-394 

reduction rules at the intersections (e.g., reduction at column-wall intersections and no-395 

reduction at column-beam intersections), and the consideration of special positions (e.g., 396 

formwork counted in number for the cantilever ends). It should be noted that formworks 397 

are not modeled in BIM, thus their quantities should be deduced indirectly based on the 398 

geometric and semantic information of the modeled elements, taking into consideration the 399 

reduction rules. Table 1 constructs the calculation logic for formworks to the modeled 400 

elements aforementioned. 401 

 402 

 403 
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Table 1. Formulation of calculation logic for formworks to typical in-situ concrete elements 404 

Unmodeled elements Formulation for calculation of material quantities  

Formwork to column/wall 

 

 

𝐴𝑓𝑤𝑘−𝑐/𝑤 = ∑ 𝐴𝑠𝑖𝑑𝑒 − ∑ 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 − ∑ 𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡  (10) 

𝐴𝑠𝑖𝑑𝑒 = {
𝐴𝑠𝑖𝑑𝑒_1, 𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑜𝑙𝑢𝑚𝑛/𝑤𝑎𝑙𝑙

𝐴𝑠𝑖𝑑𝑒_0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (11) 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = {
0, 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 ≤ 1.00𝑚2 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (12) 

where  𝐴𝑓𝑤𝑘−𝑐/𝑤 – Area of formwork to column/wall (𝑚2) 

𝐴𝑠𝑖𝑑𝑒  – Side areas that need formwork (𝑚2) 

𝐴𝑠𝑖𝑑𝑒_0 – Side area measured up to the soffit of joined slab (𝑚2) 

𝐴𝑠𝑖𝑑𝑒_1 – Side area measured up to the top of joined slab (𝑚2) 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 – Area of opening (𝑚2) 

𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡 – Area of column-wall or wall-wall intersection (𝑚2)  

Formwork to beam 

 

𝐴𝑓𝑤𝑘−𝑏𝑒𝑎𝑚 = ∑ 𝐴𝑠𝑖𝑑𝑒 + ∑ 𝐴𝑠𝑜𝑓𝑓𝑖𝑡 + ∑ 𝐴𝑡𝑜𝑝 − ∑ 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 

(13) 

𝐴𝑠𝑖𝑑𝑒 = {

𝑁𝑠𝑖𝑑𝑒 , 𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟 𝑒𝑛𝑑
𝐴𝑠𝑖𝑑𝑒_1, 𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑒𝑑𝑔𝑒 𝑏𝑒𝑎𝑚

𝐴𝑠𝑖𝑑𝑒_0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (14) 

𝐴𝑡𝑜𝑝 = {
0, 𝑠𝑙𝑜𝑝𝑒 ≤ 15° 
𝐴𝑡𝑜𝑝, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (15) 
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𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = {
0, 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 ≤ 1.00𝑚2 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (16) 

where  𝐴𝑓𝑤𝑘−𝑏𝑒𝑎𝑚 – Area of formwork to beam (𝑚2) 

𝐴𝑠𝑖𝑑𝑒  –Side areas that need formwork (𝑚2) 

𝑁𝑠𝑖𝑑𝑒  – Number of side (Nr) 

𝐴𝑠𝑖𝑑𝑒_0 – Side area measured up to the soffit of joined slab (𝑚2) 

𝐴𝑠𝑖𝑑𝑒_1 – Side area measured up to the top of joined slab (𝑚2) 

𝐴𝑠𝑜𝑓𝑓𝑖𝑡  – Soffit area of beam (𝑚2) 

𝐴𝑡𝑜𝑝 – Top area of beam (𝑚2) 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 – Area of opening (𝑚2) 

 

Formwork to suspended slab 

 

𝐴𝑓𝑤𝑘−𝑠𝑙𝑎𝑏 = ∑ 𝐴𝑒𝑑𝑔𝑒 + ∑ 𝐴𝑠𝑜𝑓𝑓𝑖𝑡 + ∑ 𝐴𝑡𝑜𝑝 − ∑ 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 
(17) 

𝐴𝑡𝑜𝑝 = {
0, 𝑠𝑙𝑜𝑝𝑒 ≤ 15° 
𝐴𝑡𝑜𝑝, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (18) 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = {
0, 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 ≤ 1.00𝑚2 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (19) 

where  𝐴𝑓𝑤𝑘−𝑠𝑙𝑎𝑏  – Area of formwork to slab (𝑚2) 

𝐴𝑒𝑑𝑔𝑒  – Edge area of slab if applicable (𝑚2) 

𝐴𝑠𝑜𝑓𝑓𝑖𝑡  – Soffit area of beam 

𝐴𝑡𝑜𝑝 – Top area of beam 

𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 – Area of opening (𝑚2) 

 

 405 
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Based on the established knowledge model, the BIM model is audited to ensure the 406 

QTO semantic richness and is utilized to obtain automatic and code-compliant quantities. 407 

The semantic auditing and automation in quantity measurement are illustrated in the next 408 

two sections.  409 

 410 

3.2. Linguistic-based Approach for Automatic Semantic Auditing 411 

Following the modeling of the necessary domain knowledge, procedures are 412 

developed to perform BIM model semantic auditing to ensure that complete and correct 413 

information is provided for the subsequent QTO. As shown in Fig 7,  the semantic attributes 414 

are extracted from the design BIM models. The computerized procedures can automatically 415 

identify missing information and unintended textual errors and inform users to input more 416 

data if the BIM model does not contain adequate information for QTO or to correct the 417 

information if it is expressed inappropriately.  418 

 419 

 420 

Fig 7. Overview of the proposed BIM model semantic auditing process 421 

 422 

Fig 8 shows the developed procedure for auditing the information completeness in 423 

BIM models. The design BIM model information is first extracted. Then, null values and 424 

the associated parameters are removed before matching the parameter names with the 425 

required information derived from the established knowledge model in order to filter 426 

parameters with names existing but with values missing. The required information is 427 

concluded as existing if it is matched with the parameter name in the extracted BIM model 428 

information or the Levenshtein distance between these two compared strings is less than 429 
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or equal to 1. The Levenshtein distance is a string metric measuring the similarity between 430 

two strings [48]. It indicates the minimum number of single-character edits (e.g., delete, 431 

insert, modify) when changing from one string to another. The smaller it is, the more 432 

similar are the two compared strings. This setting enables an approximate string matching 433 

so that the auditing process does not miss the model parameters that have slight differences 434 

with the defined required ones but express the same meanings. For example, the QTO 435 

process requires concrete grade information, while the concrete grade parameter may be 436 

misspelled as concete grade. In such a case, this parameter can still be recognized as 437 

existing instead of missing, which reflects the fact of the model.  438 

 439 

 440 

Fig 8. Auditing information completeness 441 

 442 

Details of the information correctness auditing are shown in Fig 9 with an example 443 

RC_Sllab_200mm. First, the textural parameters are separated into multiple words by a 444 

separator list that contains common punctuation such as underline, dash, and space. The 445 

separators from the input are kept in a separator container for re-joining the words later. A 446 

linguistic checker equipped with different customized domain dictionaries is then used to 447 

check the correctness of each word. If the result is false, candidate corrections will be 448 

generated if the Levenshtein distances between the word and the suggested corrections 449 

from the dictionaries are less than or equal to 1. This setting is designed to filter numerical 450 
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parts (e.g., 200mm) that are assumed to be correct since the spelling errors of such parts 451 

are less likely to happen, and checking this part may introduce unnecessary complexity. 452 

Subsequently, if there are multiple options for correcting a misspelled parameter, the 453 

category / type of the parameter in the BIM model is obtained. Then, the corrected form is 454 

selected from the corresponding dictionary. For example, the misspelling, bf.,  in the type 455 

parameter has two correction options, bg. (i.e., QS abbreviation for bearing) and bk. (i.e., 456 

abbreviation for brick). bg. is selected as the corrected form instead of bk., because the 457 

misspelling is type information, and bg. is in the type dictionary, while bk. is in the material 458 

dictionary. The corrected forms are added to the word container together with the original 459 

forms in the previous steps. Finally, the words kept in the word container are joined with 460 

the separators kept earlier to generate the corrected results. Note that single words and 461 

correct values also work in this procedure. 462 

 463 

 464 

Fig 9. Auditing information correctness 465 

 466 

3.3. Automatic and Accurate Building Quantity Measurement  467 

Given a semantically rich QTO model, the elements go through the SMM logic 468 

flows and the corresponding calculation modules. As shown in Fig 10, the design 469 

information (e.g., geometry, spatial relation, and material properties) is extracted from BIM 470 
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models and applied with the established knowledge model to determine the required 471 

variables for the automatic  QTO, rather than taking the geometric data into the calculation 472 

directly. To achieve this, new computation concepts and methods are proposed.  473 

 474 

 475 

Fig 10. The process of automation in building quantity measurement 476 

 477 

In HKSMM4 [12], quantities of the building elements depend on the information 478 

from the contact elements (e.g., the calculation priorities between slabs and other elements 479 

under the same or different concrete grades, reduction or no-reduction rules for the 480 

formwork to columns in the intersections of column-wall and column-beam). Therefore, 481 

the concept of contact detection is introduced, and the corresponding procedure is 482 

developed, as shown in Fig 11. The vertical surfaces of the target element (i.e., the element 483 

from which the quantities are taken off) are extracted and then scaled up along the z-axis 484 

with small distances to detect potential elements on it. The surfaces are then thickened on 485 

both sides with small thicknesses into corresponding solids that are used to check the 486 

intersection with other elements. Consequently, the elements in contact with the target one 487 

in the upper and surrounding directions are obtained. The information from the contact 488 

elements can be used to determine the situations mentioned above.  489 

Instead of purely taking the geometric information (i.e., dimensions) from the BIM 490 

models for measurement, which may vary in different modeling situations and is thus 491 

unreliable (e.g., the examples in Section 1), the concept of the cutting plane is introduced. 492 
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Fig 12 shows the concept with a typical beam-suspended slab joint. The geometries are 493 

unionized as a whole. Then, based on the semantic information (e.g., concrete grade) and 494 

the spatial relationship between them, either the soffit plane of the suspended slab or the 495 

inner vertical side of the beam is utilized to cut the unionized solid to obtain the quantities 496 

of these two elements. With the help of this concept, the knowledge is embedded to some 497 

extent and the differences between different model creation methods are eliminated.  498 

 499 

 500 

Fig 11. Contact detection 501 

 502 

 503 

Fig 12. Concept of cutting plane 504 

 505 
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Based on these two concepts and the established knowledge model, new QTO 506 

algorithms are designed to utilize both geometric and semantic information for the 507 

automatic and code-compliant QTO, including the modeled and unmodeled elements with 508 

the concrete and formwork as examples, respectively. Eq (20) shows the general 509 

calculation equation for the concrete quantities, where 𝑉0 is the baseline quantity that is 510 

easiest to be obtained using the introduced concepts, and ∆𝑖 is the adjustment from other 511 

types of elements. For example, when performing the QTO on a slab, the equation should 512 

be 𝑉𝑠𝑙𝑎𝑏 =  𝑉𝑚𝑎𝑥 + ∆𝑏𝑒𝑎𝑚 + ∆𝑐𝑜𝑙𝑢𝑚𝑛 + ∆𝑤𝑎𝑙𝑙 . The baseline quantity 𝑉0 is the maximum 513 

volume 𝑉𝑚𝑎𝑥 that is measured across all the other contact elements (i.e., unionizing them 514 

together as a whole and using the soffit plane of the slab to cut it). In addition, there are 515 

three adjustments from the beam ( ∆𝑏𝑒𝑎𝑚) , column ( ∆𝑐𝑜𝑙𝑢𝑚𝑛) , and wall ( ∆𝑤𝑎𝑙𝑙) , 516 

respectively.  517 

 518 

𝑉 =  𝑉0 + ∑ ∆𝑖

𝑖

  (20) 

 519 

Fig 13 shows the general QTO algorithm for the quantities of typical in-situ 520 

concrete elements. For the target element set, the method obtains the contact elements first 521 

and then unionizes them together as a whole. In order to get the baseline quantity, a set of 522 

cutting planes are generated to cut the unionized solid. Afterward, the geometric and 523 

semantic information would be utilized to calculate the adjustments from other types of 524 

elements with the help of the cutting planes from the target elements and the contacted 525 

elements. Finally, the output is the sum of the baseline quantity and the adjustments.  526 

 527 
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 528 

Fig 13. QTO algorithm of typical in-situ concrete elements 529 

 530 

The calculation of formwork is shown in Eq (2), where 𝐴𝑠𝑖𝑑𝑒 are the quantities of 531 

side formwork, 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 are the quantities of bottom and top formwork, 𝐴𝑚𝑖𝑠𝑐. are the 532 

quantities of miscellaneous formwork for special positions and rules. For example, the 533 

equation for the formwork to beam should be 𝐴𝑏𝑒𝑎𝑚 = 𝐴𝑠𝑖𝑑𝑒 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚 + 𝐴𝑚𝑖𝑠𝑐. . The 534 

𝐴𝑠𝑖𝑑𝑒 are the areas of sides measured up to the soffit or the top of the contact slabs, 𝐴𝑏𝑜𝑡𝑡𝑜𝑚 535 

are the soffit areas, and 𝐴𝑚𝑖𝑠𝑐. are the numbers of small sections of cantilever ends.  536 

 537 

𝐴 =  𝐴𝑠𝑖𝑑𝑒 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 + 𝐴𝑚𝑖𝑠𝑐.  (21) 

  538 

Fig 14 shows the general QTO algorithm for the formwork quantities. The target 539 

element set would have the sides, bottoms, and tops that need formwork. If it is not a slab, 540 

the method would obtain the areas of the sides by the contacted slabs. Whether or not the 541 

side is in contact with slabs determines whether its area is measured up to the soffit or the 542 

top of the slab. The bottom or top areas would be counted as the quantities of the bottom/top 543 

formwork. If it is a slab, in addition to the side areas, the method would obtain the 544 

bottom/top areas through the union and cut operations for the element and its contact 545 
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elements. Finally, the formwork counted by number would be calculated as the 546 

miscellaneous quantities.  547 

 548 

 549 

Fig 14. Formwork QTO algorithm  550 

 551 

4. COMPUTATIONAL ALGORITHMS FOR AUTOMATIC QTO 552 

Based on the rule library in Section 3.1.3 and the proposed concepts and algorithms 553 

in Section 3.3, detailed computational algorithms are developed to perform the actual QTO 554 

for the items. These detailed algorithms utilize both geometric and semantic information 555 

from the BIM model to determine the spatial relationships between elements and the 556 

interaction with the measurement rules, taking advantage of the designed concepts and 557 

methods. The following subsections illustrate the details, divided into the concrete and 558 

formwork parts that represent the modeled elements and unmodeled elements. 559 
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 560 

4.1. Modeled Element – Concrete  561 

Fig 15 shows the detailed algorithm for the measurement of in-situ concrete slabs, 562 

with explanatory pictures attached for some key concepts and steps. In reference to Eqs. 563 

(1), (2), (3), the calculation equation for slabs is 𝑉 = 𝑉0 + ∆𝑏𝑒𝑎𝑚 + ∆𝑐𝑜𝑙𝑢𝑚𝑛 + ∆𝑤𝑎𝑙𝑙 , 564 

where 𝑉 is the slab’s quantity, 𝑉0 is the baseline quantity, which is the maximum possible 565 

quantity measured across beams, columns and walls, ∆𝑏𝑒𝑎𝑚 , ∆𝑐𝑜𝑙𝑢𝑚𝑛  and ∆𝑤𝑎𝑙𝑙  are the 566 

adjustments from these three kinds of elements, which depend on the concrete grades of 567 

the slab and the contacted elements. 𝐴𝑠𝑙𝑎𝑏 × 𝑇𝑠𝑙𝑎𝑏 in Eq. (1) is considered as the sum of 568 

𝐴𝑠𝑙𝑎𝑏
′ × 𝑇𝑠𝑙𝑎𝑏 (i.e., 𝑉0) and the adjustments from other elements (i.e., ∆𝑏𝑒𝑎𝑚, ∆𝑐𝑜𝑙𝑢𝑚𝑛 and 569 

∆𝑤𝑎𝑙𝑙) which take care of 𝐴𝑜𝑡ℎ𝑒𝑟 of Eq. (2). First, the algorithm detects the elements in 570 

contact with the slab and unionizes them as a whole so that models with different creation 571 

methods have the same geometric representation. Then, the soffit of the slab acts as the 572 

cutting plane to cut the integrated solid. The miscellaneous items (e.g., voids larger than 573 

0.05 m^3, 𝑉𝑣𝑜𝑖𝑑_𝑠𝑙𝑎𝑏 in Eqs. (1), (3)) are then subtracted and the baseline quantity is 574 

obtained. Subsequently, for each beam, the algorithm detects the contacted slabs and uses 575 

the concrete grades of the slab with the greatest thickness and the beam to determine the 576 

adjustment from the beam. If they are different, the adjustment would be 577 

−𝑠𝑜𝑓𝑓𝑖𝑡 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑒𝑎𝑚 × 𝑠𝑙𝑎𝑏 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, otherwise, it is 0. For other slabs in contact 578 

with this beam, the adjustment part that is calculated by multiplying the beam’s area with 579 

the slab’s thickness should be deducted from their baseline quantities to avoid duplicate 580 

calculations of this part. The adjustments from columns and walls can be obtained through 581 

similar processes. Finally, the baseline quantity and the adjustment are summed to get the 582 

results. 583 

For other elements (i.e., column, wall, beam), the computational algorithms that 584 

have similar processes are shown in appendix A.585 
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 586 

Fig 15. Algorithm for measurement of slab quantities 587 
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4.2. Unmodeled Elements – Formwork 588 

The detailed algorithm for the measurement of formwork to beam is shown in Fig 589 

16, and based on Eqs. (13), (14), (15), (16), the relevant equation is 𝐴 =  𝐴𝑠𝑖𝑑𝑒 +590 

𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 + 𝐴𝑁𝑟 , where 𝐴  is the formwork’s quantity, 𝐴𝑠𝑖𝑑𝑒  is the quantity of the 591 

formwork to the beam’s elongated sides, 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 is the quantity of the formwork to the 592 

beam’s bottom and top, 𝐴𝑁𝑟 is the number of small sections of cantilever beams. In this 593 

equation, 𝐴𝑠𝑖𝑑𝑒 takes care of 𝐴𝑠𝑖𝑑𝑒_0, 𝐴𝑠𝑖𝑑𝑒_1 and 𝐴𝑜𝑝𝑒𝑛𝑖𝑛𝑔 in Eqs. (13), (14), (16), and 𝐴𝑁𝑟 594 

denotes 𝑁𝑠𝑖𝑑𝑒 in Eq. (14). These two items together represent 𝐴𝑠𝑖𝑑𝑒 in Eq. (13). 𝐴𝑠𝑜𝑓𝑓𝑖𝑡 and 595 

𝐴𝑡𝑜𝑝 in Eqs. (13), (15) are regarded as 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 in this equation. First, for each beam, 596 

the algorithm extracts the elongated vertical sides and performs contact detection for each 597 

of them. No contacted slabs means that the formwork area on that side should be measured 598 

to the top of the slabs in contact with the beam. Otherwise, it is measured up to the soffit 599 

of the contacted slabs. The distances to the soffits and tops of the slabs are determined by 600 

the distances between the soffits and tops of the slabs and the soffits of beams, instead of 601 

directly taking the unreliable dimension variables (e.g., beam height) that may vary among 602 

different modeling scenarios (e.g., the examples in Fig 1). Then, the reduction items (e.g., 603 

openings larger than 1.00 𝑚2) are subtracted to get the side areas. For 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝, the 604 

soffit areas after subtracting the reduction items serve as 𝐴𝑏𝑜𝑡𝑡𝑜𝑚, while the 𝐴𝑡𝑜𝑝 can be 0 605 

or the top areas after subtracting the reduction items, depending on the sloping of the beam. 606 

𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 is the sum of 𝐴𝑏𝑜𝑡𝑡𝑜𝑚  and  𝐴𝑡𝑜𝑝 . Further, the algorithm extracts the cross-607 

section sides and finds the elements in contact with the sides. If there is one cross-section 608 

side without contacted elements, that beam is a cantilever beam. In that case, the formwork 609 

to such sides is counted in numbers that are obtained by recording the number of the 610 

detected cantilever ends. Finally,  𝐴𝑠𝑖𝑑𝑒 , 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 and 𝐴𝑁𝑟  are summed to obtain the 611 

results.  612 

For formworks to other elements (i.e., column, wall, slab), appendix B shows the 613 

computational algorithms that are similar. 614 
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Fig 16. Algorithm for measurement of formwork to beam 615 
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5. ILLUSTRATIVE EXAMPLES 616 

The proposed framework is validated with three scenarios of the same model under 617 

two conditions (i.e., the slabs have the same or different concrete grades with other 618 

elements), respectively. Autodesk Revit 2021 and Dynamo 2.10 [49] are used to develop 619 

the prototype programs for illustration. The semantic auditing algorithms are implemented 620 

using Python 3.8.6., and PyEnchant 3.2.0. [50] is used as the linguistic checker to perform 621 

the exact and approximate string matchings aforementioned.  622 

5.1. Configuration of BIM Models 623 

As shown in Fig 17, the model is created with reference to three different approaches 624 

in terms of the precedence between  the concrete elements, as follows: 625 

(1) The default joint where the slab takes precedence over other concrete elements, 626 

which is the default joint setting in Revit; 627 

(2) The switch joint where other concrete elements take precedence over the slab;  628 

(3) The overlap where the slab and other concrete elements are overlapped.  629 

The degree of semantic information availability is intentionally designed to test the 630 

performance of the proposed semantic auditing algorithms. In the default joint model, there 631 

is no information regarding the concrete grade, and the type information is written as susp., 632 

which is a common abbreviation of suspended adopted by quantity surveyors. In the switch 633 

joint model, while the concrete grade attribute is provided, it is misspelled as concete. For 634 

the overlap model, the attribute value of one type name, beam, is misspelled as bean, and 635 

the  type information, bg., which is the QS abbreviation of bearing, is misspelled as bf.  636 
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(a) Default joint 

 
(b) Switch joint   
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(c) Overlap 

Fig 17. Three modeling scenarios in Revit 637 

 638 

5.2. Automatic Semantic Auditing 639 

The three BIM models are checked using the proposed semantic auditing approach 640 

to ensure that complete and correct information is provided for QTO. Based on the 641 

proposed semantic data model in Fig 5, the required information for QTO is mapped with 642 

the Revit model attributes so as to generate a checklist, including the identity, geometric 643 

and semantic information. An example is shown in Table 2. Since the unit is a project-level 644 

parameter and each Revit project has its own units, there is no need to check the existence 645 

of the unit attribute for the elements. In addition to built-in parameters, users can add more 646 

project parameters or use customized families in the platform to express domain-specific 647 

information, and the naming of the same parameter varies among different modelers. For 648 

example, b is the beam width parameter for the system beam type, while customized beam 649 

families may use width to represent the beam width parameter. Similarly, concrete grade 650 

can be added as conc grade or concrete grade. Therefore, it is important to know how the 651 

parameters are expressed and have various kinds of domain-specific expressions for the 652 

same required information in the checklist. In the illustrative examples, the beam uses the 653 

default naming in the system. The attributes in the right column serve as the baseline to 654 

check if the information from the BIM model is complete and correct.  655 
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 656 

Table 2. Mapping required information with Revit attributes (use beam as an example) 657 

Required information Revit attributes 

Identity 

Id Type Id 

Name Type Name/Type 

Unit N.A. 

Geometric 

Beam length Length 

Beam width b 

Beam height h 

Slab Thickness Thickness (slab) 

Semantic 
Concrete grade of slab Concrete Grade/Conc. Grade (slab) 

Concrete grade of beam Concrete Grade/Conc. Grade (beam) 

 658 

As presented in Table 3, for the default joint model, the proposed algorithms 659 

satisfactorily identify the missing concrete grade information and do not misclassify the 660 

correct information (e.g., the susp., which is treated as correct type information in QS, is 661 

not classified as a misspelling). Results for the switch joint model show that the information 662 

required for the QTO is complete, but the attribute name Concrete Grade is misspelled as 663 

Concete Grade. This indicates that the algorithms can still recognize the information even 664 

though the name of the attribute is misspelled unintentionally. In common keyword 665 

checking methods that perform exact matching, this typo will be reported as missed 666 

information. In addition, the proposed semantic auditing approach can automatically 667 

correct the misspelled attribute values identified in the BIM models. As the results for the 668 

overlap model shows, with part of the type name, Bean, being recognized as a textural error, 669 

the algorithms can also automatically correct the misspelled attribute name as Beam. 670 

Moreover, the misspelled type bf. is automatically and accurately corrected as bg. (i.e., QS 671 

abbreviation of bearing) instead of other similar forms such as bk. (i.e., abbreviation of 672 

brick). This improves the quality of the semantic information in BIM for QTO.  673 

 674 
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 675 

Table 3. Auditing results of semantic completeness and correctness in the three illustrative models 676 

 Information completeness Information correctness 

 ID 
Adequate 

information? 
Missed information Parameter Misspelling Correction 

Default joint 

model1 
300310 Not 

Concrete Grade/Conc. 

Grade 
N/A N/A N/A 

Switch joint 

model1 
300310 Yes N/A 

Concrete 

Grade 
Concete Grade Concrete Grade 

Overlap model1 
300310 Yes N/A Type Name 

Bean-400mm×

300mm 

Beam-400mm×

300mm 

301055 Yes N/A Sub Type bf. bg. 

1: the results for other mistake elements are the same, which are not repeated herein.677 
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 678 

5.3. Code-compliant QTO Automation 679 

After the design information in the BIM model is checked and corrected, prototype 680 

programs are developed to take-off the quantities of the concrete and formwork. The 681 

proposed QTO algorithms are applicable to any BIM authoring software since they are 682 

general calculation concepts. Nevertheless, to test their performance, Dynamo is utilized 683 

to develop the prototype program. Fig 18 and Fig 19 show the results of concrete and 684 

formwork from the prototype program, in comparison to the baseline (i.e., manual 685 

calculation by quantity surveyors), Autodesk Revit representing the traditional BIM-based 686 

method, and Glodon Cubicost TAS [16] representing the professional QTO software. 687 

Same-grade refers to the condition where the concrete grades of the slabs are the same as 688 

those of other elements, while different-grade is the opposite.  689 

For the concrete results, Fig 18 shows that our proposed method outperforms the 690 

professional QTO software, and they are both better than the traditional BIM-based method. 691 

The proposed framework is stable across all of the three model creation methods regardless 692 

of having the same or different concrete grades. However, the quantities exported from the 693 

BIM authoring software and the professional QTO software vary and have relatively large 694 

deviations in most of the cases. The reason is that the BIM authoring software extracts 695 

material quantities solely based on the 3D representations of the modeled elements, which 696 

are different in the three BIM models.  On the other hand, although the professional QTO 697 

software takes into consideration the SMM rules in QTO, it only handles the overlapping 698 

parts in the BIM model (i.e., intersections are not considered in reduction and no-reduction 699 

rules if the intersected elements do not overlap, as shown in Fig 20). Instead of relying on 700 

dimensions, our method utilizes different calculation concepts (i.e., plane and solid) to 701 

conduct the QTO process. After unionization at the intersections, the models with default 702 

joints, switch joints, and overlaps have the same geometric representation. Then, cutting 703 

planes are introduced to cut the integrated solids. Therefore, the same cut solids generate 704 

stable results in different modeling scenarios. For example, when computing slab quantities 705 

under the same-grade condition, the volume item 𝐴𝑠𝑙𝑎𝑏 × 𝑇𝑠𝑙𝑎𝑏 in Eq. (1) is taken care of 706 

by the upper solid after cutting the integrated solid with the soffit plane of the slab, instead 707 

of multiplying the slab dimensions that vary in the three different models to obtain 𝐴𝑠𝑙𝑎𝑏 708 
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and 𝑉𝑠𝑙𝑎𝑏. Further, the results from the BIM authoring software are the same in both same-709 

grade and different-grade situations, which is not aligned with the SMM rules, because the 710 

software obtains the quantities based on the 3D geometries without consideration of the 711 

semantic data (e.g., concrete grade) carried by the model. In contrast, our method detects 712 

the spatial relationships in adjacent elements using the contact detection algorithm so that 713 

the contact elements can be identified, and their concrete grade information can be 714 

considered in the calculation process to reflect the measurement rules (e.g., situations under 715 

𝐶𝑠𝑙𝑎𝑏
 = 𝐶𝑜𝑡ℎ𝑒𝑟

  and 𝐶𝑠𝑙𝑎𝑏
 ≠ 𝐶𝑜𝑡ℎ𝑒𝑟

  in Eq (2)). For the professional QTO software, if the 716 

intersections are detected as an overlap area, the reduction rules in SMM will be applied 717 

automatically to compute the concrete quantity (see Fig 18 (b)), otherwise, consideration 718 

of these intersections would be missed. The existing BIM authoring and professional QTO 719 

tools suffer from the limitations of the conventional model-based approach. Through the 720 

manipulations of planes and solids instead of dimensions, as well as the considerations of 721 

spatial relationships and semantic information, our method is immune to varying BIM 722 

model creation methods and can reflect the measurement rules in the calculation.  723 

More importantly, the quantities from the proposed method are almost the same as 724 

the baseline results in all situations, which means they are reliable and can be used in 725 

practice. This is because the proposed method incorporates the measurement rules and 726 

utilizes both geometric and semantic information for the calculation. For example, when 727 

computing the slab’s quantities, the algorithms would use the geometry to obtain the 728 

contacted elements, then use the semantics (i.e., concrete grades) to determine the 729 

dominance of the slab in Eq. (2). If the concrete grades are the same, the geometry of the 730 

intersection parts belongs to the slab’s quantities, otherwise, it is not considered as part of 731 

the slab, as shown in Fig 18 (a) and (b). However, as explained above, the BIM authoring 732 

software simply takes the geometry of the slab and results in inaccuracies. Since there is 733 

no overlap at the intersections in the default join and switch join models, the professional 734 

QTO software does not apply rule calculations (e.g., reduction, no-reduction) for the 735 

intersections and hence has deviations. In addition to SMM rules, another important aspect 736 

regarding the accuracy of our proposed method and the deviation of the BIM authoring 737 

software and the professional QTO software is the consideration of classification rules. As 738 

Fig 21 shows, the element between two walls is modeled as a column. However,  it should 739 
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be classified as a part of the walls instead of the columns, because the width exceed four 740 

times its thickness [12]. The corresponding concrete quantities should belong to the wall 741 

category.  The proposed method incorporates such classification rules in SMM and hence 742 

can classify the concrete quantities into the correct categories. However, the BIM authoring 743 

software classifies building elements and their quantities purely based on the element 744 

categories defined when the model is created. This may lead to incorrect classifications of 745 

the building elements and a larger discrepancy in the QTO results.   746 

For the formwork results, as shown in Fig 19, there are no quantities from the BIM 747 

authoring software since formworks are not modeled, but our proposed method can provide 748 

not only automatic but also almost code-compliant results because it utilizes information 749 

from the modeled elements (e.g., soffit, side) and considers the rules comprehensively, 750 

with the concept of spatial relationship detection (i.e., contact detection) and manipulations 751 

of planes and solids rather than dimensions. For example, when calculating the quantities 752 

of formworks to slabs, the item for bottom formwork  𝐴𝑠𝑜𝑓𝑓𝑖𝑡 in Eq. (17) is obtained by 753 

subtracting the soffit areas of the elements in contact with the slabs from the total bottom 754 

area of the integrated solid consisting of the slabs and the contacted elements. Instead of 755 

taking the areas of the exposed surfaces directly, the algorithms carefully consider the 756 

reduction and no-reduction rules at the intersections such as those mentioned in section 757 

3.1.3 to make the results compliant with the measurement standard. For instance, when 758 

obtaining the quantities of formworks to columns or walls, the 𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡 in Eq. (10) comes 759 

from the column-wall or wall-wall intersection areas without consideration of beams 760 

through only detecting contacted columns or walls. As presented in Fig 19 (c), the 761 

algorithms can also capture the formwork quantities counted in numbers at the cantilever 762 

ends (i.e., 𝑁𝑠𝑖𝑑𝑒 in Eq.(14)). In contrast, although the professional QTO software can also 763 

provide almost accurate formwork areas, it cannot output the formwork counted in numbers 764 

at cantilever ends directly (see Fig 19 (c)) and misclassifies the formwork to walls into the 765 

formwork to columns (see Fig 21), which increases the column formwork and decreases 766 

the wall formwork.  767 

In addition, the method to calculate formwork quantities using BIM in [31] was 768 

replicated according to the main logic and the results were compared with those from the 769 

proposed method. As shown in Table 4, the method in [31] has relatively large deviations 770 
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about the areas of formworks to columns and walls. The reason is that it directly considers 771 

the areas of exposed surfaces as the formwork quantities without careful considerations of 772 

reduction and no-reduction rules at the intersections (e.g., no reduction should be 773 

conducted for formworks to columns at the beam-column intersections). Furthermore, it 774 

does not consider the QTO-specific discrimination rules (e.g., Fig 21) and thus 775 

misclassifies the formwork categories and enlarge the deviations. Besides, formworks 776 

counted in numbers cannot be captured by [31] since it purely deals with the surface areas. 777 

In summary, our method considers actual complex measurement rules for 778 

formworks comprehensively (e.g., considering reduction and no-reduction rules by 779 

detection and no-detection of contact elements accordingly, obtaining formwork quantities 780 

counted in numbers by using the spatial detection algorithm flexibly, and classifying 781 

formwork types appropriately), instead of directly eliminating intersections to obtain 782 

exposed areas.      783 

Due to the system error, there are slight differences between the results from our 784 

proposed method and the baseline. At the backend, Revit would convert the metric units in 785 

the project to imperial ones to store the geometry data. Since in the unionization process, 786 

the edges of the elements to be unionized need to align with each other, there is a unit 787 

conversion from metric units adopted by the project to the imperial ones in the Dynamo 788 

scripts. After calculation, the results would be converted back to standard units. Such unit 789 

conversion process and the rounding operation afterwards would lead to small deviations. 790 

In addition, the summation would accumulate the deviations in the results. However, the 791 

differences are small enough to be acceptable. 792 

 793 
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Fig 18. Comparison of concrete quantities 794 
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Fig 19. Comparison of formwork quantities 796 

Table 4. Comparison of formwork quantities with [31] 797 

Item 
Default joint/Switch joint/Overlap 

Baseline  Proposed method [31] 

Area of formwork to slab 77.0𝑚2 77.1𝑚2 77.1𝑚2 

Area of formwork to beam 46.3𝑚2 46.4𝑚2 46.7𝑚2 

Number of formwork to beam 3 𝑁𝑟 3 𝑁𝑟 - 

Area of formwork to column 38.4𝑚2 38.4𝑚2 42.3𝑚2 

Area of formwork to wall 56.8𝑚2 56.9𝑚2 49.1𝑚2 

 798 

 

(a) Slab overlaps with one-quarter of the 

intersection with each column 

 

(b) Slab overlaps with the whole intersection 

with each column 

(c) (d) 

(e) 
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(c) One quarter of the intersection being 

considered for reduction/no-reduction 

 

(d) The whole intersection being considered 

for reduction/no-reduction 

Fig 20.  Rule calculation at the intersections in Glodon Cubicost TAS 799 

 800 

Fig 21. Column and wall discrimination in the QTO process 801 

 802 

6. CONCLUSIONS  803 

In this paper, QTO-related information requirements are identified through a 804 

typical QTO process map containing the information flow and data exchange among 805 

different tasks and stakeholders. A semantic data model for typical in-situ concrete QTO 806 

items is established to represent the semantics in the measurement rules. A rule library is 807 

also formulated to express the logic for computing the material quantities. The developed 808 

data model provides the basis for improving the interoperability and open digital workflow 809 

for automatic QTO and/or cost estimation in construction. An automatic semantic auditing 810 

method based on linguistic techniques is developed to check the completeness and 811 
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correctness of QTO-related information such that the information in the BIM models is 812 

sufficient for undertaking the QTO process. The principles of the semantic auditing 813 

algorithms can be applied not only for QTO but also for other applications to ensure 814 

semantic richness. Further, new calculation concepts and methods are designed to utilize 815 

both geometric and semantic information to detect the spatial relationships and determine 816 

the interactions with measurement rules for automatic and code-compliant quantities in 817 

different modeling scenarios, providing quantity surveyors with automation, code-818 

compliance, and robustness in the QTO process. 819 

The developed knowledge model-based framework is applied to three illustrative 820 

examples. The results of semantic auditing indicate that the algorithms can perform not 821 

only keyword matching but also approximate string matching to ensure the quality of the 822 

BIM model semantics for QTO purposes. While BIM models can be created by different 823 

methods which may cause graphical errors and impact on the calculation of quantities, the 824 

proposed framework equipped with the measurement rules and newly designed QTO 825 

algorithms can provide automatic, code-compliant, and robust results. Therefore, the 826 

knowledge model-based framework presented in this paper establishes an approach for 827 

delivering reliable quantities of different QTO items that can be used in practice without 828 

adjustments.  829 

The knowledge modeling process in this paper relies on human intervention to 830 

extract the QTO-related information (e.g., entities, attributes, relationships). Given that 831 

the Natural Language Processing (NLP) and machine learning techniques have the 832 

potential to extract pieces of information (e.g., named entities) from documents, 833 

automatic information extraction can be explored to support human-free knowledge 834 

modeling. In addition, this study covers the typical in-situ concrete elements and 835 

formworks, while a wider range of unmodeled items (e.g., finishing) which involves large 836 

amounts of semantic information, are not included. Developing more efficient algorithms 837 

to learn the rich semantics of unmodeled elements for logical reasoning of the material 838 

quantity can be considered as a part of future work.  839 

 840 

APPENDIX A. Algorithms for measurement of concrete quantities 841 
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The computational algorithms for the measurement of columns, walls, and beams 842 

are shown in Fig 22. The calculation equation for columns is 𝑉 = 𝑉0 + ∆𝑠𝑙𝑎𝑏, where 𝑉 is 843 

the column’s quantity, and 𝑉0  is the baseline quantity. In the column’s case, it is the 844 

maximum possible quantity (i.e., the height of the column is measured up to the top of the 845 

slab).  ∆𝑠𝑙𝑎𝑏 is the adjustment from the contacted slabs. For walls, the calculation equation 846 

is 𝑉 = 𝑉0 + ∆𝑠𝑙𝑎𝑏, where 𝑉 is the wall’s quantity, 𝑉0 is the baseline quantity, which is the 847 

case that the wall is cut by the contacted columns (i.e., walls are measured between columns) 848 

and measured up to the top of the slab.  ∆𝑠𝑙𝑎𝑏 is the adjustment from contacted slabs. For 849 

beams, the calculation equation is 𝑉 = 𝑉0 + ∆𝑠𝑙𝑎𝑏, where 𝑉 is the column’s quantity, and 850 

𝑉0 is the baseline quantity. In the beam’s case, it is the minimum possible quantity, which 851 

is the case that the beam is cut by the contacted columns and walls (i.e., beams are measured 852 

between columns and walls) and then further cut by the soffit plane of the contacted slab 853 

(i.e., measured up to the soffit of the slab).  ∆𝑠𝑙𝑎𝑏 is the adjustment from the contacted slabs. 854 
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(a) 



48 
 

 

(b) 
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Fig 22. Algorithms for measurement of concrete quantities (Fig 22 (a): measurement of column quantities; Fig 22 (b): measurement of wall quantities; Fig 22 (c): measurement 855 
of beam quantities) 856 

(c) 



50 
 

APPENDIX B. Algorithms for measurement of formwork quantities 857 

The computational algorithms for the measurement of formworks to columns, walls, 858 

and slabs are shown in Fig 23. The calculation equation for the formwork to columns is 859 

𝐴 =  𝐴𝑠𝑖𝑑𝑒, where 𝐴 is the formwork’s quantity, 𝐴𝑠𝑖𝑑𝑒 is the quantity of the formwork to 860 

the column sides. If there are identified intersected walls with column sides, the intersection 861 

areas should be subtracted, which are calculated up to the soffit or the top of the slabs, 862 

while the areas of the column-beam intersections should not be deducted. Finally, the 863 

quantities of formwork to the column equal the side areas after subtracting the areas of the 864 

column-wall intersections.  865 

The calculation equation for the formwork to walls is 𝐴 =  𝐴𝑠𝑖𝑑𝑒 , where 𝐴 is the 866 

formwork’s quantity, and 𝐴𝑠𝑖𝑑𝑒  is the quantity of the formwork to the wall sides. The 867 

calculations are similar to columns except for one additional reduction from the wall-wall 868 

intersections.  869 

The calculation equation for formwork to slabs is 𝐴 =  𝐴𝑠𝑖𝑑𝑒 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝, where 870 

𝐴 is the formwork’s quantity, 𝐴𝑠𝑖𝑑𝑒  is the quantity of the formwork to the slab edges, 871 

𝐴𝑏𝑜𝑡𝑡𝑜𝑚/𝑡𝑜𝑝 is the quantity of the formwork to the slab’s bottom and top. The total slab 872 

area is first obtained through the cutting of the solids unionized from the slabs and their 873 

contacted elements. Following this,  𝐴𝑏𝑜𝑡𝑡𝑜𝑚 is obtained after subtraction of the reduction 874 

items and the areas of the soffits or bottoms of the contacted beams, columns and walls 875 

detected earlier. On the other hand, the algorithm extracts the vertical sides to find 876 

contacted elements. If the side has no contacted elements, it is an edge that needs formwork 877 

and its area is counted into the 𝐴𝑠𝑖𝑑𝑒.  878 
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Fig 23. Algorithms for measurement of formwork quantities (Fig 23 (a): measurement of formwork to column; Fig 23 (b): measurement of formwork to wall; Fig 23 (c): 879 
measurement of formwork to slab)880 

(c) 
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