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5 Abstract

6  The estimation of construction quantities is a critical aspect of any construction project, and
7  accuracy in the quantity takeoff (QTO) process is an integral part in achieving project success.
8  Accuracy can be improved by automating the QTO process. However, one of the gaps in
9 automated QTO is found to be the lack of a platform-ignorant compu{ orithm with regard
10 to different building information modeling (BIM) authoringQ%. Available BIM-based
11  commercial cost estimation software programs such as% Naviswork, Autodesk QTO,
12 iTWO CostX, Innovaya Visual QTO, ConstrucSim, e@re limited in terms of full automation,
13 largely because full interoperability across all t sﬁgent applications has not yet been achieved.
14  This paper explores interoperable QTO §S using IFC-based BIM. To evaluate the IFC-
15  based QTO algorithms, a case d@ls conducted on a residential development project in
16  Kalamazoo, MI. Comparing%h ommercial software used in practice, the IFC-based QTO
17  algorithms showed cqnsis results whereas more powerful with regard to its independence
18 from BIM creati&cools, in extracting the volumetric and areal quantities of building

19  components. The IFC-based QTO algorithms processed the different types of building element

20 configurations in the residential development project smoothly. Furthermore, the QTO
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algorithms are expected to reduce the manual input required in generating QTO through
interfacing with IFC data which is the ISO international standard for BIM.
Keywords: Building Information Modeling (BIM); Quantity Takeoff (QTO); Case Study;
Automation.
Introduction

Building Information Modeling (BIM)’s adoption/implementation in the architecture,
engineering, and construction (AEC) industry is changing the way professionals and experts in
the industry conduct their businesses (Feng et al. 2021; Godager et al. ‘20®erently BIM tools
are utilized for design modeling (e.g., Revit, ArchiCAD, &@(etchUp), costing (e.g.,
Navisworks, Timberline, DProfiler), scheduling (e.g., SQ@avisworks), collaboration and
project delivery (e.g., Trimble Connect, Autodesk@d 360, and Revizto), among others.
According to Santos et al. (2017), these tools wh y exploited can provide immense benefits
to owners and AEC professionals in Va@ ays from conceptual design (e.g., improved
coordination, clash detection, preco@lction project visualization) to operation/maintenance
(e.g., as-built documentation,ﬁ(leanagement, energy assessment). To take full advantages
of all the benefits BIM t@\& offer, IFC-based BIMs have been heavily researched to address
the gaps in the dev%ment of these tools such as in the lack of interoperability, and in the lack
of full automation of construction tasks such as QTO. However, problems still exist in the
development of a system that both automates cost estimation and ensures seamless
interoperability with other BIM tools. In achieving high accuracy, seamless data exchange
between the different stakeholders’ platforms is needed to avoid data transfer problems such as
misrepresentation and missing data (Nawari 2012). The foundation for BIM to accomplish

smooth data exchange lies in its interoperability (Cheung et al. 2012; Santos et al. 2017).
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However, the lack of industry-wide interoperability has been plaguing the AEC industry since
the embracement of BIM in the early 2000s (Akanbi and Zhang 2017). This interoperability gap
led to the development of industry foundation classes (IFC). However, despite the establishment
of such standards, full interoperability (seamless information exchange) between different BIM
software programs is yet to be achieved. Gaps such as the lack of a proper exchange mechanism
or software application that implements model-based interoperability still stand in the way (Sacks
et al. 2010). For example, Cheung et al. (2012) identified an interoperability problem using IFC-
based building information models (BIMs), namely, different tools st‘or@ep information in
proprietary formats which vary a lot in how IFC objects and prope{@\re used. There are several
researchers that have proposed methods to improve the i@;@oility of BIM-based tools. For
example, Ahn et al. (2014) developed a BIM interface@nhance interoperability between CAD
tools and dynamic energy analysis tools. Ceme& t al. (2015) proposed an extension to the
IFC schema to aid the transfer of data and @1 interoperability between BIM and low energy
design software. Choi et al. (2016) developed an openBIM-based environment to improve the
interoperability of BIM—base%eR;erformance assessments (EPAs). Karan et al. (2016) used
semantic web technoloT&tend BIM interoperability to pre-construction tasks leveraging
geospatial analysis.%maji and Memari (2018) developed the Interpreted Information Exchange
(ITE) mechanism to automate the data exchange between architectural BIM and structural models.
Kamel and Memari (2018) developed an Automated Building Energy Modeling and Assessment
Tool (ABEMAT) to automate building energy modeling and simulation based on BIM, to make
the process more reliable, accurate and faster comparing to the state of the art. In the realm of
BIM-based QTO to support cost estimation, Alzraiee (2020) developed a Navisworks add-in and

structured query language (SQL) for extracting needed information from BIM, Cepni and
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Akcamete (2021) proposed a framework to use Revit Dynamo for material QTO from
architectural BIM, there is a gap in in-depth investigation of QTO algorithms directly built upon
IFC-based architectural BIM data (Alzraiee 2020; Cepni and Akcamete 2021). Rouhanizadeh et
al. (2021) proposed an IFC-based cost estimation framework for transportation project which is
along the line of addressing a similar gap in transportation projects, however, because of the
fundamental difference between transportation projects and building projects especially their
respective adoptions of BIM, the gap in IFC-based architectural BIM QTO persists. Major
differences in the modeling of infrastructures (i.e., horizontal const‘ru@vhen compared to
the modeling of buildings (i.e., vertical construction) that need to l(%\@unted for while applying
BIM-based methods include: (1) difference in structu @& components (e.g., vertical
construction typically have openings whereas horizo@:onstruction do not); (2) difference in
vocabulary (e.g., piers in bridges as opposed t@%@nns in buildings); and (3) differences in
modeling procedures and techniques (C@ t al. 2016). These differences make QTO

procedures for infrastructure projects{difier significantly from QTO for building projects.

To address this gap,% paper, the authors conducted an in-depth case study for using
[FC-based algorith ‘t\Q)ort QTO from architectural model of a real residential development
project. In this paper, the QTO algorithms were generated using a cutting-edge data-driven IFC-
based algorithm development method, and the QTO algorithms focus on building projects (e.g.,
student apartment complex) rather than infrastructure projects. The IFC-based BIM QTO
algorithms leverage the fundamental geometric representations of BIM objects to extract
quantities of building components generated from any IFC-compliant BIM authoring tool, to

support BIM interoperability better than the state-of-the-art commercial tools.
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89 IFC-Based QTO Algorithms

90 Cost Estimation

91 Cost estimation in the AEC industry has always been a challenging and critical task. BIM-
92  based cost estimation methods have helped semi-automate some of the processes thus reducing
93  the time involved in cost estimation and improving the accuracy of cost estimates in comparison
94  to traditional manual cost estimation. Despite these benefits provided by BIM-based tools in
95  generating cost estimates, automation of the complete processes of construction cost estimation
96  still requires further development. There are several issues and chal@?posed by current
97  methods, including: (1) interoperability issues — one-to-one in&@ons between the various
98  software tools/platforms may cause errors/missing data; %‘g’mtensiveness — manual efforts
99 needed for the classification of model elements into @ent categories; (3) accuracy and level
100  of development — the information extracted fro\' model is dependent on the quality of the

101  input model; among others. The case stu(@l 1s manuscript was limited to and focused on

@)

102 addressing gaps in BIM-based | te@rability in generating QTO. Addressing all potential
dEos

103  challenges and gaps in BIM-base t estimation processes is not the intent of this case study.

104  Automated Quantity T 0oT10)

105 Cost estimati@n is a very important aspect of any construction project and the accuracy in
106  the cost estimate is necessary to the project’s overall success (Lee et al. 2014; Akanbi and Zhang
107  2017). Currently, for the various commercial estimating software in use in the construction
108  industry, the process(es) involved in achieving the estimates are similar. Most software requires
109  a three-step operation to achieve cost estimation (Fig. 1). Step 1: Importing 3D models - an
110  estimator imports a building design in BIM (or 3D drawings). Step 2: Taking off the quantities -

111 the estimator classifies elements of the model into different categories (e.g., internal walls 138
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112 mm partition), and the software executes the quantity computations. Step 3: Costing - the
113 quantities generated are exported and linked to a cost database to assign costs to the various
114  categories identified from Step 2. Two main challenges posed by these methods are the issues in
115  collaboration (thus interoperability) and the needed human input. For the
116  collaboration/interoperability issue, Step 1 and Step 3 of this general cost estimation process
117  involve collaborative data exchanges with different BIM tools. Different tools store and keep
118  information in different proprietary formats, which can impede the successful exchange of data.
119  Without a reliable, complete, and successful data exchange, the reliab@ cost estimates is
120  questionable. For the second issue in human judgement needs, alth @TO has been automated
121 with the advent of BIM, manual efforts by human estimato @till required in classifying and
122 matching the model elements to their various catego (Lee et al. 2014). This can introduce
123 human errors and therefore affect cost estimati r@uracy. BIM is revolutionizing the AEC
124  industry by enabling a digital workflow an@Qess process (Franco et al. 2015; Lu et al. 2013;
125  Nassar 2012). BIM tools are comprel‘@' and are consisted of architectural design tools (e.g.,
126  Revit and ArchiCAD), strucrr\al%n tools (e.g., Tekla and STAAD Pro), energy assessment
127  tools (e.g., VE pro and Si t), and cost estimation tools (e.g., DesignEst Pro and Autodesk
.
128  Naviswork), amorQth (Cheung et al. 2012). Example benefits of BIM tools include design
129  optimization, schedule optimization, project coordination support, and cost estimation
130  automation. However, present BIM use was mostly on few purposes (e.g., 3D visualization,
131 design support, clash detection) (Kreider et al. 2010). BIM use in other functions need further
132 development to realize more potential benefits to building owners and industry professionals.
133 One of the most useful such development is in automated QTO (Franco et al. 2015; Monteiro and

134  Martins 2013; Plebankiewicz et al. 2015). As shown in the survey by Monteiro and Martins
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135  (2013), BIM-based QTO can significantly improve the accuracy and efficiency in the cost
136  estimation process. In as much as the study revealed, many efforts have utilized BIM tools to
137  automate QTO. However, their survey results showed that automation of the complete estimating
138  process (e.g., work item selection and costing) is still underexplored and requires further
139  research/development. IFC-based BIMs have been heavily researched on to address: (1)
140  construction interoperability issues, and (2) automation in construction management tasks such
141  as cost estimation. However, in supporting cost estimation, problems still exist in the
142 development of an intelligent system that not only automates (gT@enables seamless
143 interoperability with other BIM software. To address these probl w*BIM interoperability to
144  support cost estimation, in this paper, the authors cond 1@& case study to evaluate the
145  application of IFC-based QTO algorithms on a wo&construction residential development
146  project in Kalamazoo, MI. A wood project wg@sen because of the prevalence of wood
147  structure in the residential construction sect@e U.S., and according to Allen and Iano (2009),

148  wood is the only major structural ma@at is renewable.

149 The focus on processi inYor:nation using an [FC-based BIM improves interoperability
150  across the different s \r ools upstream and downstream because: (1) IFC is an ISO standard
151  for open, transparenty, and neutral BIM data; and (2) almost all major BIM software support
152  compatibility with IFC. In addition, the direct use of geometric representation information to the
153  level of Cartesian points overcomes potential barriers brought by the different use of IFC schemas
154  in different BIM tools and enables a robust interoperability. The IFC-based QTO algorithms can
155  bedirectly applied to extracting quantities and material from building components in architectural

156  BIM.
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157 The automated QTO is performed by IFC-based algorithms that automatically retrieve the
158  quantities of building elements and their associated material information needed in cost
159  estimation through parsing the fundamental representations of building elements in the IFC-based
160  BIM. The algorithm leveraged patterns in the IFC representations’ structures and entities and
161  attributes of the target building element’s representation in the IFC data (Fig. 2).

162  Step 1: Model Development

163 A building information model is exported into the IFC format in this step. Many BIM
164  authoring tools and BIM analytical applications have the compatibility v@ data. For example,
165  Autodesk, Bentley Systems, GRAPHISOFT, Solibri, and Trim(@kla are some of the BIM
166  authoring tools that are currently using the Coordinatio%@t\/) to export and import BIM

167  files and it is almost rare to see BIM applications witl@exportation option to IFC.

168  Step 2: Model View Definition (MVD)-based ing
169 To address the interoperability g&e AEC domain, this step validates the input BIM
170  file using model view definition . With the validation process, the accuracy of the IFC-

171  based BIM instance file is \ated to check if it fulfils the specified exchange requirements.
172 The MVD model is aa@ a subset of the existing MVD Coordination View Version 2.0 (CV
173 V2.0), to check thgut IFC file. The subset of the CV V2.0 used in creating the MVD model
174  contains essential IFC entities that are used to represent information of the building components

175  needed for QTO and pricing.

176  Step 3: Data Analysis

177 The information required in QTO are identified and analyzed (Figs. 3a & 3b) in this step.

178  Fig. 3a shows the flowchart of the primary algorithm developed for wall QTO whereas Fig. 3b
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179  shows the flowchart of the primary algorithm developed for floor QTO. As illustrated in Fig. 3a,
180  Process 1 temporarily reads all entities and their attributes into an array list to perform different
181  extraction processes for the required variables. Processes 2.1 to 3.2 extract the body
182  representation (i.e., geometry) of a target wall instance. Processes 4.1 to 10 analyze the body
183  representation of the wall in two cases — using “SweptSolid” representation or using “Clipping”
184  representation. Processes 11.1 to 14 analyze the dimensions of potential opening elements in the
185  wall. Processes 15 to 17 analyze the material information of the wall. To illustrate the rationale

186  used in the algorithms, the tracing pattern of a window opening (Fig. A@resented in detail

187  as an example. @

188 In the process chart shown in Fig. 3a, pﬁ;s 2.1 performs a search for
189  “IFCWALLSTANDARDCASE” entity and writ entity into WallStandardCase. Then
190 Process 2.2 pulls out the 7th te of the WallStandardCase (an

191  IFCPRODUCTDEFINITIONSHAPE) a@%es this entity into WallRepresentation. Following
192  that, Process 3.1 pulls out the 2n %nent in the 3rd attribute of the WallRepresentation (an
193 IFCSHAPEREPRESENTA@) and writes this entity into BodyRepresentationOne. Then,
194  Process 3.2 pulls I:\ component of the 3rd attribute of WallRepresentation and writes this
195  entity into BodyRepgentanonT wo. At this level, depending on the type of BodyRepresentation
196  (i.e., “SweptSolid,” “Clipping,” “Brep,” or “SurfaceModel”), the corresponding case branch is

197  activated for extracting the corresponding geometric parameters and calculating the quantities.

198 As an example of tracing entities and attributes to extract needed parameters for an
199  opening (shown in Fig. 4), Process 11.1 pulls out all lines containing [IFCOPENINGELEMENT

200 into OpeningElement. Process 11.2 pulls out the 7th attribute of OpeningElement (an
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201  IFCPRODUCTDEFINITIONSHAPE) and writes it into OpeningRepresentation. Process 12
202 pulls out the 1st element of the 3rd attribute of OpeningRepresentation (an
203 IFCSHAPEREPRESENTATION) and writes it into OpeningDefShape. Process 13.1 pulls out
204  the 1st element of the 4th attribute of OpeningDefShape (an IFCEXTRUDEDAREASOLID) and
205  writes it into Openingltem. Process 13.2 extracts the 4th attribute of Openingltem into
206  OpeningWidth; Process 13.2 further extracts the Ist attribute of Openingltem (an
207 IFCRECTANGLEPROFILEDEF) into OpeningArea. Process 14 pulls out the 4th and 5th
208  attributes of OpeningArea and writes them into XODim (i.e., the ope@%gth) and YODim

209  (i.e., the opening width), respectively. At this point the quantity m@s for an opening element

210  would be successfully extracted. A@

211  Case Study Description 6

212 To test the use of the IFC-based QTO fthms, the case study was conducted on a
213 residential development project in Kalamazod,gM¥. The details of the project are presented below.
214 Location ?\0

215 The case study proj a@cted in this paper was a residential development project located
216  in Kalamazoo, ‘3& azoo is a city in the southwest region of the state of Michigan,

217  approximately 241 kilometers away from two major cities, Chicago, and Detroit. The residential
218  development project is organized into three buildings, buildings 305, 306 and 307; the buildings
219  are three stories each. The location and orientation of the buildings were designed with respect
220  to the local climate. For this case study, we selected building 305; Fig. 5 shows the site plan of

221 the selected building (Design Plus Inc, 2012).

10



Suggested Citation: Akanbi, T., and Zhang, J. (2023). "IFC-Based Algorithms for Automated Quantity
Takeoff from Architectural Model: Case Study on Residential Development Project." Journal of Architectural Engineering, 29(4), 05023007.
For Final Published Version, Please Find It At ASCE Databse Here: https://ascelibrary.org/doi/full/10.1061/JAEIED.AEENG-1447

222 Building 305

223 Building 305 has a footage of 183.02 m? and provides 144 beds in a mixture of room
224  configurations including single occupant’s bedrooms in four-bed/four bath unit styles and two-
225  bed/two bath unit styles. The building has 38 units made up of 4,172.46 m? on three floor levels;
226 32 two-bedroom units and 6 four-bedroom units. The two bedroom consists of “Deluxe’ upgrades
227  which offers bigger floor spaces in comparison to the standard two-bedroom units. All units have
228 interior finishes including in-unit washer & dryers, hardwood floors, solid-core wood doors,
229  individually controlled HVAC units, and nine-foot ceilings. The authét\imated the project
230  cost of building 305 to be $15,710,096 using building data cost ({@ (RSMeans 2019). Table

231 1 outlines the unit style mix while Table 2 summarizes%@e footages of each functional

232 area per unit type. b
233 Unit Types @Q

234 Building 305 comprises of fou @gent unit types: (1) 2 —bedroom unit; (2) 2 — bedroom
235  deluxe unit; (3) 2x2 bedroom deh%it; and (4) 4 — bedroom unit (Design Plus Inc, 2012). Each
236 bedroom unit is equipped @1 bathroom and the kitchen spaces have drawers and storage

L 2
237  spaces for each OCQR he following sub-sections describe each of the four units in details:

238 2 —Bedroom Unit

239 In the 2 — bedroom unit, the space is divided into two separate bedrooms on opposite ends
240  of the rooms flanking the shared spaces, that is, the living area and the kitchen space. The
241  bedroom spaces are either 14.4 m? or 15.70 m? in size and are large enough to accommodate a

242 single bed with a nightstand, a dresser, a desk, a chair, and a closet (Design Plus Inc, 2012). The

11
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243 shared spaces are joined, and it is approximately 31.87 m? in size (Design Plus Inc, 2012). Fig. 6

244 shows the 2 — bedroom unit plan with dimensions.

245 2 — Bedroom Unit Deluxe

246 The 2-bedroom deluxe unit is similar in design to the standard 2-bedroom unit but offers
247  more square footage and the space configuration is slightly different. The space is divided into
248  two separate bedroom spaces clustered together at one end of the apartment with the shared
249  spaces on the other end of the apartment. The bedroom spaces are either 1(§m2 or 18.12 m? in
250  size while the joined shared space is 43.66 m? in size (Design Plus fr\@&). Fig. 7 shows the

Q@

252  2x2 Bedroom Deluxe Unit 6

251 2 —bedroom deluxe unit plan with dimensions.

253 The 2x2 bedroom deluxe unit is desigr@a duplex comprising of two standard 2-
254 bedroom units. The sizes of the functional@ and space arrangements are similar to that of

255  the standard 2-bedroom unit (Fig. 6. . 8 shows the 2x2 bedroom deluxe unit plan with

257 4 - Bedroom Delux q@

258 In the 4 — bedroom unit, the space is divided into two bedrooms clusters flanking the

256 dimensions.

259  shared spaces. The bedroom spaces are 14.86 m? in size while the joined shared space is
260  approximately 46.92 m? in size (Design Plus Inc, 2012). Fig. 9 shows the 4 — bedroom unit plan

261  with dimensions.

12
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262 3D Model Development

263 Building 305 was not originally available in a 3D model, thus the original 2D design
264  drawings were utilized to generate the 3D models used in this study. The models were developed
265 by industry experts and BIM tools utilized for generating the 3D models were Autodesk Revit,
266 Graphisoft ArchiCAD, and Trimble SketchUp. Figs. 10a, 10b, and 10c show the developed BIM
267  instance models of building 305 in Revit (Model 4), ArchiCAD (Model B), and SketchUp (Model
268  C)respectively. Fig. 11 shows the exterior components of building 305 which comprises of CMU
269  walls with brick veneer, roof shingles and aluminum windows/doogs. @Q[erior finishes are
270  made up of carpet floor coverings, sheet vinyl floor coverings (ki{@\and bathrooms), painted
271 walls, and painted wood bases. For each BIM instance u@%ilding 305 (Model 4, B & C),
272 the four different unit types were modeled and conv@ into IFC format, which serves as the
273 input data for our QTO algorithms. Figs. 12a, & ¢ & 12d show the developed Revit BIM
274  instance models of the 2 bedroom unité) ?A 1), 2 bedroom deluxe unit (Model 4>), 2x2
275  bedroom deluxe unit (Model 43), d@gét bedroom unit (Model A44) respectively. Figs. 13a, 13b,
276 13c & 13d show the develop I&ZAD BIM instance models of the 2 bedroom unit (Model
277  Bi), 2 bedroom deluxe uQ@xlel B>), 2x2 bedroom deluxe unit (Model B3), and the 4 bedroom
278  unit (Model By) regctively. Figs. 14a, 14b, 14c & 14d show the developed SketchUp BIM
279  instance models of the 2 bedroom unit (Model C;), 2 bedroom deluxe unit (Model C), 2x2
280  bedroom deluxe unit (Model C3), and the 4 bedroom unit (Model Cy) respectively.

281  Evaluation

282 For evaluation of the I[FC-based QTO algorithms’ performance, through the case study,

283  comparative analysis was conducted as detailed below.

13
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284  Data

285 Twelve models (Figs. 12 — 14) were used for the evaluation of the QTO algorithms. The
286  models were created based on the residential development project. Paper-based plans and
287  drawings were acquired based upon which BIMs of the various unit styles were developed in
288  three different BIM authoring tools - Revit, ArchiCAD, and SketchUp. These building
289  information models (Figs. 12a — d, 13a — d, and 14a — d) were then further exported into IFC
290  format which served as the input file for the QTO algorithms.

291  QTO Algorithms o OQ

292 Figs. 12, 13 & 14 present the BIMs of the twelve model{@\for evaluation. The input
293 files (IFC file) for each individual unit were imported i%@plemented QTO algorithms in
294  python. The IFC-based QTO algorithms were then uti@ in automatically performing the QTO
295  for the building elements in the twelve models &Q' d using the three different BIM authoring
296  tools. An example of the output result usin Qveloped algorithms is displayed in Fig. 15. Fig.
297 15 shows the partial experimenta re@o the 2-bedroom unit (Model 4;) using the developed
298  algorithms. In Fig. 15, “Inde&g:ents the ID of the elements; “depth” is height of the wall
299  element; “Xdim” is the gth; “Ydim” is the wall width; “trim_one, trim_two, radius” are
300 attributes of a curVQwall utilized in calculating the length of a curved wall (length _of wall);
301  “openingwidth, xodim, yodim™ are all quantities associated with openings and represent the width
302  ofan opening, the length of an opening, and the width of an opening, respectively. The quantities
303  were rounded to three digits after the decimal point. The partial QTO results of the wall, floor,

304  and roof components for models 4;, B2 & Cs were tabulated in Table 3.
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305  Quantity Takeoff (QTO) Using Commercial Software

306 To compare with the state of the art, two BIM estimation tools, Software A, and Software
307 B were utilized in this experiment. The models generated (Models 47, A2, A3, A4 B1, B>, B3, B4, Ci,
308 (> (3¢ Cy) were saved in the proprietary files of each of the commercial estimating software. As
309 anexample, for Software A (in format a); the data in format a was then imported into the Software

310 A platform. This process was repeated for Software B. Next the authors attempted to use the two

311  commercial estimation tools to extract the QTO of all twelve building models in their respective

312  native file formats. 0\00
&

313 Evaluation of the IFC-based QTO Algorithms @
314 To evaluate the accuracy of the quantities gen &y the IFC-based QTO algorithms,

315  the authors compared the quantities obtained for% A1 — D;) with quantities generated using

oQ’Q

317 Comparison of the Results 0

316 the commercial software.

318 For the comparison @e results, the quantities of the wall, floor, and roof components
319  of each unit type & tgurations (Models A; — C3) using the commercial software were
320 compared with the quantities that were automatically generated using the IFC-based QTO
321  algorithms. The results were recorded in a tabular format. Table 4 shows the partial results for
322 the comparison of the quantities generated for six models in the three different BIM tools. All
323  quantities were rounded to three digits after the decimal point to aid in the comparison. The results
324  generated using the developed algorithms were consistent with the results from the commercial
325 quantification tools. However, the comparison revealed that while the developed algorithms

326  extracted the quantities from all models, the commercial estimating tools were not robust enough
15
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327  to support direct access of each of the different input formats (format a, format b, and format c).
328  Fig. 16 shows a bar chart that illustrates the comparison of the results in terms of successfully
329  extracted quantities in each method. A comparison of robustness and comprehensiveness of the
330 IFC-based QTO algorithms to the other two commercial estimation tools is summarized in Table
331 4 and Table 5. These are state-of-the-art estimation tools in the market by major BIM vendors.
332  The comparison was mainly in checking what quantities could be successfully taken off in each
333  tool. The results from Tables 4 and 5 suggest that although all three methods produced consistent
334 QTO results; the commercial tools are limited in their capability, t@rt different BIM
335  authoring tools. In contrast, the IFC-based QTO algorithms suc@ly took off the quantities
336  created in all the BIM authoring tools used. For other Q@loring tools not tested in this
337  experiment, as long as they are compatible with IFC ( are likely so), our QTO algorithms are
338  expected to work as well, whereas there is no @tee for the current proprietary estimation

339  tools to work. @

340 Contributions to the Body of K%cgge

341 This case study conl@s to the body of knowledge in the following ways. First, despite
342 extensive research ‘e&'ng BIM in QTO, our literature review shows existing efforts heavily
343  relied on proprietary BIM tools such as Navisworks and Revit Dynamo. This case study
344  demonstrated the use of IFC-based QTO algorithms directly for QTO from architectural BIM of
345  aresidential development project. In comparison with commercial proprietary software used in
346  practice, such algorithms were shown to achieve equivalent quantities but were independent from
347  BIM creation tools and therefore can support BIM interoperability better. In addition, the IFC-
348  based QTO algorithms were shown to be able to process different unit types and configurations

349 in the residential development project with success. Extension to other types of projects (e.g.,
16
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350 industrial, healthcare) is within reach which will be tested in future work. Given sufficiently large
351  dataset for training/development, the IFC-based QTO algorithms can be extended to cover
352  different patterns in IFC entities/attributes usage including different geometric representation
353  methods (e.g., SweptSolid, Brep, SurfaceModel, Clipping, CSG).

354  Practical Applications

355 The QTO algorithms tested in this paper can be utilized in extracting quantities of
356  components designed in various BIM authoring tools. The algorithms were tested on three models
357  developed from three different BIM platforms and the performance of tl@% QTO algorithms
358  were compared to that of the state-of-the-art commercial estimati@ware platforms. It shows
359 that the state-of-the-art estimating tools are less robust % developed QTO algorithms in
360  extracting quantities from models developed in the di@nt BIM workflows.

361 Limitations and Future Work

362 Five main limitations are acknow@ g) this case study only focuses on the QTO step

363  of cost estimation, and the qualityof the/quantities generated depend on the quality of the input
364  BIM. The implications of the ?;d method on other estimating issues such as duplication,
365  omitting items, or relevant\and realistic costs are out of the scope of this paper and can be
366  investigated in futurgwork; (2) this case study only focuses on building construction. While the
367  same interoperability issue also presents itself in highway construction, its magnitude could be
368  different from that in building construction. Such implications will also need to be studied in
369 future work; (3) in this case study the tests were only conducted on explicitly modeled objects
370  such as openings, staircases, and walls, objects not explicitly modeled (e.g., accessories) were

371  not covered. In the practical use of IFC models, objects are not always represented explicitly

372 (e.g., they may use IfcBuildingElementProxy instead of IfcWallStandardCase to represent a

17
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373  wall). In order to process inexplicitly represented objects, automated BIM object classification
374  will be needed. There is a rich set of existing methods in literature such as machine learning-
375  based (e.g., Koo & Shin 2018; Koo et al. 2019) and rule-based methods (e.g., Sacks et al. 2017;
376  Ma et al. 2018; Wu & Zhang 2020) on this currently-still-active research area of BIM object
377  classification. The authors plan to test the integration of such methods into their IFC-based QTO
378  workflow in future work; (4) quantities generated by the QTO algorithms are limited to the level
379  of development of the input data (model), e.g., intersections between elements were determined
380  based on their inherent object separation and representations (e.g., the @ic representations
381  of walls, floors, columns, beams, etc.) in the input IFC models; (5{@\is case study, we focused
382  on a model that explicitly contains the necessary informati @uired for QTO, as filtered by
383  MVD. For unmodeled elements, models that do not c@in the necessary information for QTO,
384  or for QTO that cannot be achieved using existiﬁ&@ models, the authors plan to investigate it
385 in their future work by extending the curre algorithm, such as through invariant signature-
386  based and logic-based automated ir@c‘gﬁon inference as demonstrated by Wu and Zhang
387  (2022) in automated building’%iyo?npliance checking. Similar approach will also be tested in
388  deriving higher level of @@han what’s already explicitly modeled in BIM.

Q\

390 As identified by several researchers, there is a gap in the development of an

389  Conclusions

391  automated/expert system for cost estimation support that not only reduces/eliminates the need of
392  manual efforts but also addresses the interoperability issue that is plaguing the construction
393  industry. To address this gap, the authors conducted a case study to evaluate IFC-based QTO

394  algorithms that facilitates QTO from architectural BIM generated from different BIM authoring

18



Suggested Citation: Akanbi, T., and Zhang, J. (2023). "IFC-Based Algorithms for Automated Quantity
Takeoff from Architectural Model: Case Study on Residential Development Project." Journal of Architectural Engineering, 29(4), 05023007.
For Final Published Version, Please Find It At ASCE Databse Here: https://ascelibrary.org/doi/full/10.1061/JAEIED.AEENG-1447

395 tools. The IFC-based QTO algorithms extracted the quantities needed for cost estimation by
396  parsing the representations of the building elements in IFC.

397 The algorithms were evaluated on a residential development project in Kalamazoo, MI.
398  The developed algorithms successfully extracted the quantities of the wall and floor components
399  of the different building unit types and configurations in the project. The extracted results were
400  compared to that from commercial software used in practice. It was found that consistent
401  quantities were obtained whereas the authors’ algorithms were more independent from BIM
402  authoring tools, therefore providing better BIM interoperability supporoo
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502  Figure Captions List

503  Fig. 1. Typical Steps in Cost Estimation.

504  Fig. 2. IFC-based QTO Method.

505  Fig. 3a. Flowchart for the Primary Algorithm of Wall QTO.

506  Fig. 3b. Flowchart for the Primary Algorithm of Floor QTO.

507  Fig. 4. Tracing Pattern of an Opening.

508  Fig. 5. Architectural Site Plan -Building 305 (Design Plus Inc, 2012).

509  Fig. 6. Architectural Plans of the 2-Bedroom Unit (Design Plus Inc, 20 @Q

510  Fig. 7. Architectural Plans of the 2-Bedroom Deluxe Unit (Desig&%\nc, 2012).
511  Fig. 8. Architectural Plans of the 2x2 Bedroom Deluxe Uni T@’gn Plus Inc, 2012).
512  Fig. 9. Architectural Plans of the 4 - Bedroom Deluxe@t (Design Plus Inc, 2012).

513  Fig. 10. BIM Instance Models of Building 305:1@%] A in Autodesk Revit, (b) Model B in
514  Graphisoft ArchiCAD, (c¢) Model C in Trimb chUp.

515  Fig. 11. Front View of the 3D Model Rﬂ%g of Building 305.

516  Fig, 12. BIM Instance Models in Revit: (a) 2 Bedroom Unit (Model A1), (b) 2 Bedroom
517  Deluxe Unit (Model A»), (¢) 2x2 Bedroom Deluxe Unit (Model As3), (d) 4 Bedroom Unit (Model

518  Aas). @

519  Fig. 13. BIM Insta ¢ @s in Graphisoft ArchiCAD: (a) 2 Bedroom Unit (Model B»), (b) 2
520 Bedroom Deluxe Q (Model B»), (c) 2x2 Bedroom Deluxe Unit (Model B3), (d) 4 Bedroom
521  Unit (Model By).

522  Fig. 14. BIM Instance Models in Trimble SketchUp: (a) 2 Bedroom Unit (Model Cy), (b) 2
523  Bedroom Deluxe Unit (Model C»), (¢) 2x2 Bedroom Deluxe Unit (Model Cs), (d) 4 Bedroom
524  Unit (Model Cy).

525  Fig. 15. Partial Experimental Results of a 2-bedroom Unit (Model 4;) using the Developed QTO
526  Algorithms.

527  Fig. 16. Comparison of the Results Using the Developed Algorithms and Two State-of-the-Art
528  Commercial Tools.

529

530

24



Suggested Citation: Akanbi, T., and Zhang, J. (2023). "IFC-Based Algorithms for Automated Quantity
Takeoff from Architectural Model: Case Study on Residential Development Project." Journal of Architectural Engineering, 29(4), 05023007.
For Final Published Version, Please Find It At ASCE Databse Here: https://ascelibrary.org/doi/full/10.1061/JAEIED.AEENG-1447

531  Table 1. Unit mix

2 — Bedroom 24 1,797.12 63
2 — Bedroom Deluxe 4 359.72 11
2 X 2 Bedroom Deluxe 4 668.90 11
4 — Bedroom 6 797.67 15
532
533  Table 2. Square footages breakdown (Building 305)
Bedroom 1
w/ closet 15.70 14.68 29.73 14.86 "O
Bedroom 2 %\v
w/ closet 14.4 18.12 28.89 14.86 {
Bedroom 3
w/ closet 15 .05\ @
Bedroom 4 \
w/ closet 4.86
Bathroom 1 5.57 5.02 11.61 7
Bathroom 2 5.57 5.39 12.82 % 6.04
Bathroom 3 n\ 5.57
Bathroom 4 Q’Y 6.04
Living Room
w/ Kitchen 31.87 43.66 [~ MT7.57 46.92
Linen 0.84 120 260 111
Laundry 0.93 \1.86‘ 3.99 2.04
Corridor %\ 55.74 55.74 55.74
Stairs N Q 65.03 65.03 65.03
Misc. L\ 62.25 62.25 62.25
Unit Area
(m?) 74.8 89.93 167.23 132.94
Total Units 2.23 0.37 0.37 0.56
Total Area
(m’) 1797.12 359.72 668.90 797.67 183.02 183.02 183.02
Total
Building
Area (m?) 4172.47
534
535
536
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537  Table 3. QTO results of selected building objects
Model | Component Length (m) Width (m) Height (m) Area (m?) Volume (m?)
Wall 1 3.248 0.305 3.048 9.900 3.019
Wall 2 0.610 0.305 3.048 1.859 0.567
Wall 3 0.914 0.305 3.048 2.786 0.850
A Wall 4 7.344 0.200 3.048 22.385 4.477
Wall 5 4.518 0.089 3.048 13.771 1.226
Floor 10.734 7.935 0.579 85.174 49.316
Length (m) Width (m) Area (m?*)  Volume (m®) Slope (*)
Roof 1 9.296 0.051 85.179 4.327 30.000
Component Length (m) Width (m) Height (m) Area (m?) Volume (m?)
Wall 1 3.962 0.305 3.048 12.076 3.683
Wall 2 0.457 0.305 3.048 1.393 0.425
Wall 3 0.914 0.305 3.048 2,786 0.850
Wall 4 6.096 0.200 3.048 @&1 3.716
B: Wall 5 5.029 0.089 3.048 o, 328 1.364
Floor 10.738 7.115 0.579 ~ N."76.401 44.236
Length (m) Width (m) Area ( Volume (m?) Slope (*)
Roof 1 9.300 0.051 764G 3.881 30.000
Component Length (m) Width (m) i ) Area (m?) Volume (m?)
Wall 1 3.962 0.305 . 048 12.076 3.683
Wall 2 0.610 0.305 A 3.048 1.859 0.567
Wall 3 0.610 0305 _ G\ 3.048 1.859 0.567
(8] Wall 4 3.962 0. " 3.048 12.076 3.683
Wall 5 0.914 0 3.048 2.786 0.850
Floor 0.579 18.293 4.865
Length (m) dthy(m) Area (m*)  Volume (m®) Slope (*)
Roof 7.728 _O 298 25.487 47217 -
538 c)
539  Table 4. Comparison of exp 'meEal results
Model | Method Comp x Length (m) Width (m) Height (m) Area (m?)  Volume
(m*)
Az Developed }p* 1M1 3.248 0.305 3.048 9.900 3.019
Algorith \
Software A 3.248 0.305 3.048 9.900 3.019
Software B - - - - -
Developed Wall 2 0.610 0.305 3.048 1.859 0.567
Algorithm
Software A 0.610 0.305 3.048 1.859 0.567
Software B - - - - -
Developed Wall 3 0.914 0.305 3.048 2.786 0.850
Algorithm
Software A 0.914 0.305 3.048 2.786 0.850
Software B - - - - -
Developed Wall 4 7.344 0.200 3.048 22.385 4.477
Algorithm
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542  Table 5. Robustness evaluation

BIM tool IFC-based QTO algorithm Software A  Software B
Autodesk Revit Yes Yes No
GraphiSOFT ArchiCAD Yes No No
Trimble SketchUp Yes Yes Yes
Other BIM Tools Yes ? ?
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