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ABSTRACT

The results of quantity take-off (QTO) based on building information modeling (BIM)
technology rely heavily on the geometry and semantics of 3D objects that may vary among
BIM model creation methods. Furthermore, conventional BIM models do not contain all
the required information for automatic QTO and the results do not follow the descriptive
rules in the standard method of measurement (SMM). This paper presents a new knowledge
model-based framework that incorporates the semantic information and SMM rules in BIM
for automatic code-compliant QTO. It begins with domain knowledge modeling, taking
into consideration QTO-related information, semantic QTO entities and relationships, and
SMM logic formulation. Subsequently, linguistic-based approaches are developed to
automatically audit the BIM model integrity for QTO purposes, with QTO algorithms
developed and used in a case study for demonstration. The results indicate that the proposed
new framework automatically identifies the semantic errors in BIM models and obtains

code-compliant quantities.

Keywords:
Automatic semantic auditing, Building information modeling, Code-compliant, Data

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

1. INTRODUCTION

Quantity take-off (QTO) is one of the most fundamental activities in a construction
project [1,2]. The material quantities have substantial impacts on the outcome of the cost
estimation [3]. Quantity surveyors use their experience to interpret 2D design drawings and
manually or semi-automatically calculate the material quantities according to the
descriptive rules in the standard method of measurement (SMM), which is a time-
consuming and error-prone process [4-6]. The building information modeling (BIM)
technology has had revolutionary impacts on the conventional QTO process as quantities
can be taken automatically from 3D design models [5]. The BIM-based method makes the
QTO process more automated and reliable than the conventional methods using 2D
drawings [5,7,8].
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In addition to QTO automation, the accuracy of the output material quantities from
BIM is another major concern [9-11]. The accuracy of QTO can be attributable to two
fundamental aspects. Firstly, the limitations of BIM data hinder a smooth QTO. In the BIM
domain, open standard Industry Foundation Classes (IFC) can express the geometric and
semantic information of building elements. However, the IFC-based BIM model does not
incorporate all the necessary information for conducting accurate QTO. It lacks fine-
grained definitions for QTO-specific purposes. For example, the coffered and troughed
slab specified in the SMM [12] is missing in IfcSlabTypeEnum. On the other hand, the
information stored in BIM models may not be sufficient for QTO [13]. The lack of QTO-
related information impedes the performing of measurement rules. For example, missing
concrete grade information may result in inaccurate concrete quantities because the SMM
specifies different measurement methods when elements at joints have the same and
different concrete grades [12]. Secondly, the material quantities computed from existing
BIM authoring software rely heavily on the geometry of 3D objects. Such a model-based
approach depends on the geometric representation of building elements without taking into
consideration the calculation logic in SMM, therefore the QTO results may not be
compliant with the measurement rules [14,15]. It is not uncommon to see that the output
quantity for the same building element varies due to different ways of creating the design
BIM model [3]. Fig 1 (a) and (b) demonstrate two different BIM model creation methods
for a beam-suspended slab joint, and the impact on quantity measurement.

Beam quantity:
b x1lXxh,

Beam quantity:
b xlxhy

(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
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As Fig 1. (a) shows, the slab is created to the side of the beam, therefore, the
quantity of the beam taken from the BIM model is b x [ X h,. However, this may not be
compliant with the SMM rules adopted by many commonwealth countries. As shown in
Fig 2, according to SMM rules, if the concrete grades of the beam and slab are different,
the beam quantity should be measured through the slab (b x [ X h,), which is the same as
the geometric representation of the BIM model. Otherwise, the beam should be measured
only to the soffit of the slab (b x [ X h,). The lack of the required semantic information
and the formulation of calculation logic in BIM cause inaccuracies in automatic QTO and

practical cost estimation.

CLASSIFICATION TABLE MEASUREMENT
RULES
_—m——--— .
13' Suspended 5|3b5| m? | 1. Horizontal M.12 The measurement of
19. Coffered and 2. Sloping < 15° suspended slabs is taken
troughed slabs across columns and
3. Sloping > 15° beams, except where the
columns or beams are of
a different mix.

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

To make the results compliant with the SMM rules, extensive efforts are required.
Quantity surveyors need to adjust the results exported from BIM software or engineers
need to follow specific model creation methods for QS. Either approach involves
considerable manual adjustments and a good understanding of QS rules, which is almost
impossible in practice. Alternatively, quantity surveyors can use commercial QTO
software (e.g., Glodon Cubicost [16]), where IFC (Industry Foundation Classes)-based
BIM models are imported to generate quantities. However, users need to setup or adjust
the rule templates in the software to have accurate results, which indeed requires users to
be familiar with the settings and put considerable effort in making the adjustments.
Moreover, the commercial QTO software obtains quantities in a model-based manner,
which means the calculation is purely based on the geometric modeling, making the results
vulnerable to BIM model creation methods. In addition to the code-compliance problem,
the representation of measurement standards is another matter of concern. These are
usually certain descriptive rules (e.g., “The measurement of suspended slabs is taken across

columns and beams, except where the columns or beams are of a different mix.”) [12] that

4
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are understood by domain experts but not clear to others for the design of computerized
programs in facilitating the QTO process.

Therefore, the objective of this study is to develop a new knowledge model-based
framework to incorporate all the required information and formulate the SMM rules in BIM
for semantic richness assurance and automatic code-compliant (i.e., the quantities are
compliant with the SMM) QTO. Automatic and code-compliant QTO can be undertaken
for modeled and unmodeled elements regardless of the BIM model creation method. SMM
is the measurement standard in commonwealth countries. Thus, the identification and
formulation of SMM requirements and rules are applicable to a wide range of areas. The
proposed framework starts with domain knowledge modeling via discussions with domain
experts, identification of QTO-related information, establishment of a QTO semantic data
model (with related entities and their relationships), and formulation of SMM calculation
logic for QTO automation. Following this, an automatic semantic auditing approach based
on linguistic techniques is proposed to check the integrity of design BIM models, including
the data completeness and correctness for QTO applications. Based on the knowledge
model as well as the complete and correct BIM data, new calculation concepts and methods
are designed to integrate both geometric and semantic information for obtaining quantities
of modeled and unmodeled elements comprehensively. The performance of the proposed
auditing and QTO methods are verified using BIM authoring software, with illustrative
examples in different QTO scenarios.

The rest of the paper is organized as follows: Section 2 introduces previous studies
on automatic and code-compliant QTO. Section 3 presents the methodology of this
research, including knowledge modeling, semantic auditing, and automation in building
quantity measurement, followed by the computational algorithms for automatic
measurement of building quantities in Section 4. Section 5 uses illustrative examples to
verify the performance of the proposed framework. Section 6 concludes the whole paper

with recommendations for future work.

2. LITERATURE REVIEW
To date, various studies have explored the ways to tackle the aforementioned

problems. To solve the time-consuming and error-prone problems of traditional methods
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that are based on 2D drawings and quantity surveyors’ experience [4-6], early research
linked the 2D CAD drawings with the bill of quantities automatically [17]. BIM provides
the ability to extract quantities from 3D design models directly and therefore is faster and
more reliable [5,7,8]. Be¢varovska and Matéjka [18] concluded that time is saved and
errors are reduced after applying BIM, based on a case study comparing BIM-based QTO
and traditional methods. By using BIM models, quantities can be automatically generated
and linked with cost information to enable a quick and flexible cost estimation process
[19,20]. Leveraging BIM and ontology techniques, Lee et al. [21] automatically obtained
quantities and associated them with work items to generate bills of quantities. Taking
advantages of BIM and web-based techniques, bills of quantities can be prepared
automatically and intuitively [22].

However, despite the high demand in cost and time required in modeling sufficient
details for BIM-based QTO and cost estimation [23,24], coupled with the attempts to
improve productivity in the modeling process [9,25], the accuracy problem due to the
modeling methods was found to be one of the main obstacles in the BIM-based QTO
process [3]. Through two BIM-based QTO case studies, Firat et al. [26] suggested adopting
agreed modeling guidelines to create BIM models for QTO. Monteiro and Martin [3]
explored the model behavior under the constraints of QTO specifications and proposed
detailed modeling guidelines to allow quantity surveyors to extract the quantities in
accordance with the specifications. Zima [27] reported that the modeling methods have
significant impacts on the accuracy of the quantities, and the elements should be modeled
to reflect their actual construction procedures (e.g., the walls should be modeled by
separate layers) to have accurate results. By comparing the results from four interior cases,
Kim et al. [10] analyzed the quantity discrepancies, identified the impacting factors of such
discrepancies and proposed modeling and measuring strategies to reduce them.

Another focus concerns better inference of quantities using BIM model information.
Aram et al. [1] proposed a knowledge-based framework to calculate the quantities of
precast concrete, with a domain knowledge base to infer and provide information for QTO
and cost estimation tasks. Cho and Chun [28] used BIM object information to compute the
quantities of concrete and formwork, and used Decision Tree Model and Case-based

Reasoning to predict rebar quantities. Rajabi et al. [29] used a set of QS logic to estimate
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the quantities of the Mechanical, Electrical and plumbing (MEP) trades. Khosakitchalert
et al. [2] used the information from the concept of BIM-based clash detection to subtract
excessive gquantities and add missing quantities to get accurate quantities for compound
elements. Some scholars attempted to infer quantities of unmodeled elements using
available BIM object information. For example, Lim et al [30], Khosakitchalert et al. [31],
and Cepni and Akcamete [32] calculated formwork quantities mainly through subtracting
intersection regions to obtain exposed surfaces. Romanovskyi et al. [33], Hyun et al. [34]
and Lee et al. [35] utilized information on the concrete elements and design formulas to
generate formwork designs and quantities. Similarly, Wei et al. [36] computed auxiliary
materials in housing construction based on elements’ information and calculation formulas.
Making use of the provided BIM model information and pre-defined rules, Kim and Teizer
[37] produced scaffolding designs automatically.

Further, research has begun to emphasize the problems of inadequate information
in BIM models [38-40] and conflicts with measurement rules [14,15]. Choi et al. [13]
proposed an open BIM-based approach to check BIM model information availability and
then calculate the quantities of structural framing. To solve the interoperability problem of
BIM models from different tools, Akanbi et al. [41] proposed a bottom-top method to trace
the information in the IFC files for the design of robust QTO algorithms. Khosakitchalert
et al. [42] took advantage of the drywall information in the BIM model to calculate the
quantities of wall framings [43]. Liu et al. developed an ontology-based system to infer
non-expressed information in BIM models to support QTO for wall framings. Ma et al. [15]
designed a semi-automatic system based on measurement standards in China for BIM-
based cost estimation. The system incorporates the measurement rules in Chinese
specifications, such as the void omission and volume reduction at intersecting elements,
for the computation of building quantities. In another study by Ma et al. [44], an ontology
for cost estimation specifications in China was established to classify the items in the bill
of quantities. Similarly, Xu et al. [45] and Abanda et al. [46] developed and used ontology
to automatically calculate quantities in accordance with the measurement standards from
BIM models.

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

can bring considerable benefits to QS professionals in terms of time and error. However,
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the accuracy (i.e., compliance with measurement rules) of the BIM-based method is still a
matter of concern. Various studies have tried to achieve automatic and accurate BIM-based
QTO, but the incomplete information and the non-compliance with measurement rules are
the main obstacles. While a few studies have explored QTO information interpretability
and the code-compliance of the results, a clear, systematic, and general representation of
the descriptive measurement requirements and rules is still lacking, and comprehensive
rule-compliance of the results covering both modeled and unmodeled elements has not
been addressed. Furthermore, even though some previous studies and software tools in the
market attempted to incorporate SMM rules into the automatic QTO, their approaches are
still limited to the model-based method, which means the computation of material
quantities is subject to appropriate geometric representations of design BIM models. No
research has focused on the robustness to model creation methods for the same structure
and potential unintended information mistakes in the QTO process, which would also cause
inaccuracies in the results. Therefore, with the development of a framework that includes
a knowledge model incorporating SMM requirements and rules, semantic auditing
approaches, and new QTO concepts and algorithms, this study ensures BIM model
semantic richness for QTO purposes and generates code-compliant quantities that are
robust to different BIM model creation methods. It contributes to the following:

*  Enhancing the interoperability and openness of QTO-related information through
the establishment of a semantic data model and the formulation of measurement
rules.

* The principles of the proposed semantic auditing approach based on linguistic
techniques can be applied not only for QTO but also for other purposes to ensure
semantic richness in the applications.

* The newly designed QTO concepts and algorithms can provide quantity surveyors
with automation, accuracy, and robustness in the QTO process for both modeled

and unmodeled elements.

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

modeling by leveraging SMM rules and domain knowledge from quantity surveyors in
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order to identify the information requirements for automatic QTO. Following this, a
semantic data model is established to represent the QTO-related entities, attributes and
their relationships. In addition, a rule library is constructed to represent the calculation
logic from SMM for supporting the automatic QTO. Furthermore, an automatic semantic
auditing method based on linguistic techniques is proposed to check the information
completeness and correctness in the design BIM models. Last but not least, the geometric
and semantic information from the audited BIM model is utilized as the input for automatic
measurement. It first goes through the category discrimination logic, such as the
classification between columns and walls based on the aspect ratio and the consideration
regarding bottom and top formworks to horizontal elements based on the sloping. For
modeled elements, the semantic information (e.g., concrete grade) is utilized to determine
the calculation scope (e.g., other elements are measured to the soffit of the slab or through
the slab). Based on such judgments, the geometric information (e.g., element solid, cross-
section) is extracted as the input for the corresponding measurement modules where new
calculation concepts and methods are designed to perform the code-compliant QTO. The
extracted geometric information of the modeled elements is also utilized to support the
logical deduction in the calculation for the quantities of unmodeled elements such as
formwork. Based on logical deduction, the quantities in terms of dimensions and/or
numbers can be obtained. Finally, after processing the geometric and semantic information
in the BIM model comprehensively, the measurement modules output the quantities of both
the modeled and unmodeled elements in compliance with the measurement rules. In this
research, the Hong Kong Standard Method of Measurement 4 (HKSMM4) [12] is selected
as an illustrative example. The major rules and ideas are similar in the commonwealth
countries (the UK, Singapore, etc.) that adopt SMM and/or CEMS as the measurement

standards. Details of the methodology are provided in the following subsections.
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Fig 3. Overview of the proposed methodology framework
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Fig 4. Typical QTO process map showing the information flow and data exchange among different tasks and stakeholders
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3.1. Knowledge Modeling
3.1.1. Identification of information requirements

To identify the required information for QTO, Fig 4 shows a typical QTO process
map of a construction project that includes the QTO information flow and data exchange
among different tasks and stakeholders. It involves three main stages (i.e., inception, design,
and construction, from left to right columns) and four major groups of stakeholders (i.e.,
project owner, design team, consultant quantity surveyor who provides QTO and cost
estimation for the project owner, contractor and contractor quantity surveyor, from top to
bottom rows). At the inception stage, the project owner initializes the project and passes
the project requirements such as the project scope and QTO/cost target to the design team
for the concept design. After the concept design is completed, the architects define a layout
with all the necessary elements and their placements, as well as the space objects and
configurations. The information requirements in terms of the project, site, building,
building stories and 3D geometry of the basic elements should be met. Next, the concept
design information is delivered for QTO preparation. The designers provide necessary
supplements or modifications of the design information such as construction types,
building geometry and design parameters for the QTO purpose. The prepared QTO design
information is then validated to ensure that the design incorporates the QTO requirements.
The design ready for QTO is sent to the consultant quantity surveyors. The QTO analysis
information should meet the exchange requirements from design to QTO at this stage,
which should include the geometry of elements, construction types, identity properties and
any other necessary modifications to the building.

Based on the received design information, the consultant quantity surveyors take
off the material quantities and estimate the costs according to the owner’s requirements
and SMM rules. The project owner checks whether the QTO and/or cost estimated meet
the project requirements (e.g., project scope, QTO, and cost targets). The cost of the design
is deemed acceptable if the project requirements are met; otherwise, the designers need to
modify the design solutions until the requirements are met. If the concept design is
accepted, the design information is delivered to structural and MEP engineers for design
development. This stage includes the representations of different kinds of building objects

in varying shapes, sizes, locations, etc., and the attached non-graphical properties. It goes
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through the evaluation of contractors and may be modified over several rounds until
confirmation. Next, the contractor adjusts the received design information for material
QTO. The corresponding design information is validated to ensure that it is ready for QTO
in terms of the required information. Finally, the contractor quantity surveyors take off the
material quantities and estimate the construction cost based on the detailed material
information, construction method statement, SMM rules, etc.

Through this identification process, the QTO-related information, as well as its
transfer among different major stakeholders and stages, is recognized, providing the basis
for the representation of QTO semantics. The process map links the information flow and
data exchange among different stakeholders towards material QTO, and the required
information at different stages can then be identified to determine the semantic data model.
3.1.2. Semantic data model

Based on the process map, all the required information for automatic QTO in
accordance with SMM can be taken to establish the data model. The data model represents
all the QTO-related entities, their attributes, and semantic relationships, which are then
leveraged to formulate the calculation logic in SMM. In this paper, typical modeled and
unmodeled elements in HKSMM4 Section VII: Concrete Works [12] are selected to build
a semantic data model in common scenarios of in-situ concrete structures for illustrative
purposes, using relevant entities, attributes, and relationships in the latest official IFC
standard, IFC4_ADD2_TC1 [47], as shown in Fig 5. Entities/attributes that are required
for QTO but are missing in the standard are highlighted in red.

Part T shows the most fundamental modeled building elements in SMM. Element
attributes and relationships are generalized in the supertype IfcBuildingElement. Each
element should have a unique identifier and unit, which are the Reference and Unit
properties in Pset_Environmentallmpactindicators. In addition, concrete grade
information (i.e., the StrengthClass property in Pset_ConcreteElementGeneral) is needed
for in-situ concrete elements in order to formulate the SMM calculation logic under the
situations of using the same and different concrete grades between slabs and other elements
(i.e., beams, columns, and walls are measured to the soffit of the joined slabs if their
concrete grades are the same as those of the slabs, otherwise, they are measured through

the slabs. More details can be seen in Section 3.1.3). IfcProductDefinitionShape and
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IfcShapeRepresentation represent that the modeled elements may have varying shapes with
different dimensions, and IfcQuantityVolume indicates that those modeled concrete
elements are measured in volume. IfcBeam, IfcColumn, IfcWall, 1fcSlab are four subtypes
of IfcBuildingElement and inherit the common attributes from it. Of note is that each of the
modeled elements may have unique geometric features and/or be subject to specific SMM
rules, thus they may consist of additional attributes to meet the information requirements
for automatic QTO. For example, in the SMM rules, top formworks are required for

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

the Slope and PitchAngle properties in Pset BeamCommon and Pset_SlabCommon are
needed for IfcBeam and IfcSlab, respectively. Further, for these modeled elements, the
SMM rules have specific definitions that should be classified separately, such as suspended
slabs and coffered and troughed slabs, which are specified through the predefined or
extended types in IfcSlabTypeEnum, IfcWallTypeEnum, and IfcBeamTypeEnum.

Part II represents the void information in building elements. IfcRelVoidsElement
associates IfcBuildingElement and IfcOpeningElement as well as the volume. This
information is required because the SMM has special measurement rules for voids. For
example, voids less than 0.5 m3 are not subtracted from concrete quantities. Similarly, no
subtractions are made in formwork quantities for openings less than 1.0 m?2.

Part III describes the QTO-related information for formwork. Formwork can be
instantiated as a product through IfcConsturctionProductResource. It is an unmodeled
element, so the calculation of quantities relies on the information from the assigned
modeled elements. It is measured in different units (e.g., m?, Number) in the SMM rules
(e.g., formworks to cantilever ends are counted in numbers), which is expressed by
IfcPhysicalSimpleQuantity such as IfcQuantityArea and IfcQuantityCount. Specifically,
SMM requires different kinds of formworks (e.g., left-in and permanent) to be measured
separately. Such fine-grained classifications are required through FormworkType

properties for the distinction purpose.
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Fig 5. Semantic data model for QTO

3.1.3. Mathematical Formulation of SMM Logic

The semantic data model provides the necessary information to

Pset_BeamCommon

+ Slope

<<enumeration>>
IfcBeamTypeEnum

[feeeam o

+ Attached
+ |solatedAndTied
+ Ground

<<gnumeration>>
IfcWallTypeEnum

+ Solidwall
+ Shear

Pset_SlabCommon

+ PitchAngle

<<enumeration=>
IfcSlabTypeEnum

+ Suspended
+ CofferedAndTroughed

help formulate the

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

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

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

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

Fig 6. Typical joints of in-situ concrete elements

e Generic formula for slabs and beams

For QTO of in-situ concrete slabs, the key principle is to determine the priorities
between the slabs and other concrete elements. For example, in a beam-suspended slab
joint, if the concrete grades of the beam and slab are the same, the slab quantity should be
measured through the beam. Otherwise, it should be measured only to the side of the beam.

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

Vsiap = Asiap X Tsiap — Vvoid_slab (l)
! —
A _ slab’ Cslab - Cother (2)
slab — I —A C +C
slab other, slab other

0, Vvoid_slab < 0-05m3 (3)
Vyoid_siap, Otherwise

Vioid_stab = {
where Vg, represents the volume of slab (m3), A, is the area of slab (m?), AL, refers
to the area of slab soffit across joined elements (m?), A,¢per is the soffit and cross-section
areas of joined elements (m?), Tqqy, is the thickness of slab (m), and V44 5145 Stands for
the void space in slab concrete (m?). Cy,,;, and C, .1, are the concrete grades of the slab

and the joined elements, respectively.

Vheam = Abeam X Hpeam — Vvoia (4)
H, _ {Hl;eam —Tsiap,  Csiab = Cpeam (5)
eam HéeamJ Cslab * Cbeam
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0, Vvoid_beam < 0.05m3 (6)
Vvoid_beam; otherwise

Vvoid_beam = {
in which V.4, refers to the volume of beam (m3), Ap.qm is the area of beam soffit (m?),
Hpeam 1S the height of beam (m), Hp.4., iS the height from the soffit of the beam to the top
surface of the slab (m), T4 refers to the thickness of joined slab (m), and V,0iq peam
stands for the void space in beam concrete (m?3). Cy,;, and C, .4, are the concrete grades

of the beam and the joined slab, respectively.

e Generic formula for columns and walls

For QTO of in-situ concrete walls and columns, the categories should be first
classified before the calculation. For example, if the width of a column exceeds four times
its thickness, it is classified as a wall. The main calculation principle is similar to that of
beams. If the column/wall and slab are of a different mix, the volume of the column/wall
should be measured through the slab (i.e., measured up to the top of the slab). Otherwise,
it is measured up to the soffit of the slab. Therefore, the equations for taking off the
quantities of columns and walls are as below.

Veotumnywait = Acotumnywait X Heotumn watt — Vvoid_cotumn/wai (7)

Hstory - Tslab' Ccolumn/wall = Cslab (8)

Hotumn/wan =
/ Hstory' Ccolumn/wall * Cslab

0, Vvoid_column/wall < 0.05m3 (9)

V0i = .
void_column/wall Vvoid_column/wall' otherwise

where Veoumn/wan refers to the volume of column and wall (m?), Acommn/wan 1S the
cross-section area of column and wall (m?), Hopmn/wan Stands for the height of column
and wall (m), Hg,r, is the height of story (m), T4, represents the thickness of joined
slab (m), and V,4;4 is the void space in concrete (m>). Coopyumn/wan @nd Cyqp are the

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

e Generic formula for formworks
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For QTO of formworks, the key principles are the discrimination of formwork areas
(e.g., different side formwork areas of internal and external columns), the reduction/no-
reduction rules at the intersections (e.g., reduction at column-wall intersections and no-
reduction at column-beam intersections), and the consideration of special positions (e.g.,
formwork counted in number for the cantilever ends). It should be noted that formworks
are not modeled in BIM, thus their quantities should be deduced indirectly based on the
geometric and semantic information of the modeled elements, taking into consideration the
reduction rules. Table 1 constructs the calculation logic for formworks to the modeled

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

Unmodeled elements

Formulation for calculation of material quantities

Formwork to column/wall

Afwk—c/w = Z Aside - Z Aopening - Z Aintersect (10)
\, A = {Aside_l, exterior side of external column/wall a1
Slab side Agige o, Otherwise
0,A mg < 1.00m?
A.’S’lde Aopening = { opening h ) (12)
Aside Aside Aside Aopening, otherwise
where  Agy_¢/w — Area of formwork to column/wall (m?)
Section view Agiqe — Side areas that need formwork (m?)
N2 \LL s/E W Agige o — Side area measured up to the soffit of joined slab (m?)
Column/wall Column/wall Agiqe 1 — Side area measured up to the top of joined slab (m?)
Aopening — Area of opening (m?)
Aimersect Aintersect — Area of column-wall or wall-wall intersection (m?)
—
. \,
N Column opemng Wall
Top view
Formwork to beam Afwk—beam = Z Agige + Z Asoffit + Z Atop - Z Aopening
(13)
Arop Slab Atop
A
Alide | Ngige, cantilever end
A ) —E:LASMQ Slde :L side Agige = 1 Asiae 1, exterior side of edge beam (14)
openin
8 7 L/bf Agige 0, Otherwise
Beam A i Beam
soffit Section view Sofflt 4 _ 0,slope < 15° (15)
top = | A¢op, Otherwise
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L= Wall

> Cantilever beam

R‘Nside

4 0; Aopening < 100m2
OPEMNI | Appening, Otherwise

where  Agyk—peam — Area of formwork to beam (m?)
Agiqe —Side areas that need formwork (m?)
Niiqe — Number of side (Nr)
Agige o — Side area measured up to the soffit of joined slab (m?)
Agiqe 1 — Side area measured up to the top of joined slab (m?)
Asorsie — Soffit area of beam (m?)
A¢op — Top area of beam (m?)
Aopening — Area of opening (m?)

(16)

Formwork to suspended slab

Slab Aﬂpening A
4 top |

5 1

EAedge

<>
Asoffit Asoffit

NS e

Section view

Afwk—slab = z Aedge + Z Asoffit + Z Atop - z Aopening

1 = 0,slope < 15°
top — {Atop, otherwise

| 0, Aopening < 1.00m?
OPEMNG | Appening, Otherwise

where  Agyk_gqp — Area of formwork to slab (m?)
Acage — Edge area of slab if applicable (m?)
Agoprie — Soffit area of beam
A¢op — Top area of beam
Aopening — Area of opening (m?)

17

(18)

(19)

405
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Based on the established knowledge model, the BIM model is audited to ensure the
QTO semantic richness and is utilized to obtain automatic and code-compliant quantities.
The semantic auditing and automation in quantity measurement are illustrated in the next

two sections.

3.2. Linguistic-based Approach for Automatic Semantic Auditing

Following the modeling of the necessary domain knowledge, procedures are
developed to perform BIM model semantic auditing to ensure that complete and correct
information is provided for the subsequent QTO. As shown in Fig 7, the semantic attributes
are extracted from the design BIM models. The computerized procedures can automatically
identify missing information and unintended textual errors and inform users to input more
data if the BIM model does not contain adequate information for QTO or to correct the

information if it is expressed inappropriately.

Inform the user

Y
No

del Semantic Adequate?
BIM mode > informtion Auditing Yes» Next step
£ - @

No
v

Y

A

Inform the user

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

Fig 8 shows the developed procedure for auditing the information completeness in
BIM models. The design BIM model information is first extracted. Then, null values and
the associated parameters are removed before matching the parameter names with the
required information derived from the established knowledge model in order to filter
parameters with names existing but with values missing. The required information is
concluded as existing if it is matched with the parameter name in the extracted BIM model

information or the Levenshtein distance between these two compared strings is less than
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or equal to 1. The Levenshtein distance is a string metric measuring the similarity between
two strings [48]. It indicates the minimum number of single-character edits (e.g., delete,
insert, modify) when changing from one string to another. The smaller it is, the more
similar are the two compared strings. This setting enables an approximate string matching
so that the auditing process does not miss the model parameters that have slight differences
with the defined required ones but express the same meanings. For example, the QTO
process requires concrete grade information, while the concrete grade parameter may be
misspelled as concete grade. In such a case, this parameter can still be recognized as

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

Required
information

BIM model Remove ]
information —— parameters with Yesp Infcé;r}r;zistlon
null values

distance <=

No

Information
is missed

Fig 8. Auditing information completeness

Details of the information correctness auditing are shown in Fig 9 with an example
RC_Sllab_200mm. First, the textural parameters are separated into multiple words by a
separator list that contains common punctuation such as underline, dash, and space. The
separators from the input are kept in a separator container for re-joining the words later. A
linguistic checker equipped with different customized domain dictionaries is then used to
check the correctness of each word. If the result is false, candidate corrections will be
generated if the Levenshtein distances between the word and the suggested corrections
from the dictionaries are less than or equal to 1. This setting is designed to filter numerical
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parts (e.g., 200mm) that are assumed to be correct since the spelling errors of such parts
are less likely to happen, and checking this part may introduce unnecessary complexity.
Subsequently, if there are multiple options for correcting a misspelled parameter, the
category / type of the parameter in the BIM model is obtained. Then, the corrected form is
selected from the corresponding dictionary. For example, the misspelling, bf., in the type
parameter has two correction options, bg. (i.e., QS abbreviation for bearing) and bk. (i.e.,
abbreviation for brick). bg. is selected as the corrected form instead of bk., because the
misspelling is type information, and bg. is in the type dictionary, while bk. is in the material
dictionary. The corrected forms are added to the word container together with the original
forms in the previous steps. Finally, the words kept in the word container are joined with
the separators kept earlier to generate the corrected results. Note that single words and

correct values also work in this procedure.

RC_Slab-200mm

Final corrected result

Join

[RC, Slab, 200mm] Slab
Words container Corrected form

BIM model

ategoty/type o
the parameter
being checked

[, <1 RC

Separator container

| Original form | | Original form | No

es—

Select the option

f 1
0
e Slab
RC_Sllab-200mm | RC Sllab 200mm
Levenshtein Options for i
| ABC ABC @ o distance <= 12 e correction No. of options > 17 -
corresponding dict
K

from the

Separator list Checker 1
[ |
L~ = 1 Dict_abbre Dict_abbre L/J
Dict | Slab, Beam, bg., ret., -+ type _material
A

bg., ret,, ... bk., conc., ...

Slab, Beam, ... bg., ret,, ...

Fig 9. Auditing information correctness

3.3. Automatic and Accurate Building Quantity Measurement
Given a semantically rich QTO model, the elements go through the SMM logic
flows and the corresponding calculation modules. As shown in Fig 10, the design

information (e.g., geometry, spatial relation, and material properties) is extracted from BIM
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models and applied with the established knowledge model to determine the required
variables for the automatic QTO, rather than taking the geometric data into the calculation

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

Formation of
rule from SMM

Knowledge model
(e.g. in-situ concrete)

4

Geometry
AR Determine Measurement
— the variables of quantity
I BIM Model Spa!lal g\ ——
relation I I
AR A
Cost
Formula . .
Material & estimation
properties A—— p
A

Fig 10. The process of automation in building quantity measurement

In HKSMMA4 [12], quantities of the building elements depend on the information
from the contact elements (e.g., the calculation priorities between slabs and other elements
under the same or different concrete grades, reduction or no-reduction rules for the
formwork to columns in the intersections of column-wall and column-beam). Therefore,
the concept of contact detection is introduced, and the corresponding procedure is
developed, as shown in Fig 11. The vertical surfaces of the target element (i.e., the element
from which the quantities are taken off) are extracted and then scaled up along the z-axis
with small distances to detect potential elements on it. The surfaces are then thickened on
both sides with small thicknesses into corresponding solids that are used to check the
intersection with other elements. Consequently, the elements in contact with the target one
in the upper and surrounding directions are obtained. The information from the contact
elements can be used to determine the situations mentioned above.

Instead of purely taking the geometric information (i.e., dimensions) from the BIM
models for measurement, which may vary in different modeling situations and is thus

unreliable (e.g., the examples in Section 1), the concept of the cutting plane is introduced.
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493  Fig 12 shows the concept with a typical beam-suspended slab joint. The geometries are
494  unionized as a whole. Then, based on the semantic information (e.g., concrete grade) and
495  the spatial relationship between them, either the soffit plane of the suspended slab or the
496  inner vertical side of the beam is utilized to cut the unionized solid to obtain the quantities
497  of these two elements. With the help of this concept, the knowledge is embedded to some

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

499
Scaled part
Original surfaces
Elements Extract ./ Vertical N Scale up.
surfaces 7 surfaces along z axis
Y
End Contact Check for Solids from Thicken in
n elements intersection vertical sides both sides
A
Other Thickened solids
elements
500
501 Fig 11. Contact detection
502
Slab The concrete grades of the slab and beam are the
f a same, the slab is measured across the beam Slab quamity
Beam /
Umomzc %
L
5 3D view 3D view / Beam quantlty 3D view
cam
Slab Cutting plane from slab soffit Slab quantity
1 7 \
U—’l | \ 7/
[ ]
Front view Front view Beam quantity Front view
503
504 Fig 12. Concept of cutting plane
505
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Based on these two concepts and the established knowledge model, new QTO
algorithms are designed to utilize both geometric and semantic information for the
automatic and code-compliant QTO, including the modeled and unmodeled elements with
the concrete and formwork as examples, respectively. Eq (20) shows the general
calculation equation for the concrete quantities, where V, is the baseline quantity that is
easiest to be obtained using the introduced concepts, and A; is the adjustment from other
types of elements. For example, when performing the QTO on a slab, the equation should
be Vsiap = Vinax + Bpeam + Dcotumn + Awanr- The baseline quantity V, is the maximum
volume 1, that is measured across all the other contact elements (i.e., unionizing them
together as a whole and using the soffit plane of the slab to cut it). In addition, there are
three adjustments from the beam (Apeam). column (Acpwmn), and wall (A,

respectively.

V= V0+2Ai (20)
i

Fig 13 shows the general QTO algorithm for the quantities of typical in-situ
concrete elements. For the target element set, the method obtains the contact elements first
and then unionizes them together as a whole. In order to get the baseline quantity, a set of
cutting planes are generated to cut the unionized solid. Afterward, the geometric and
semantic information would be utilized to calculate the adjustments from other types of
elements with the help of the cutting planes from the target elements and the contacted

elements. Finally, the output is the sum of the baseline quantity and the adjustments.
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Concrete QTO Algorithm
Input: Element set to be calculated {Ey}
Other element sets {E;}, {E;}, (Es} // {E;} €[{slab}, {beam}, {column}, {wall}],i = 0,1,2,3
1 for each E, € {E,} do
2 {Ei} = {EL} N Ey
3 {E;} « {E2} N Eo} Get elements in contact with E,,
4 {E3} < {E3} N Eo
5 Ey; « UE{E{E,—'} E{,i=1273
6: Egia3 < UL, Ey; }f’nionize Eq, and its contact elements as a whole
-
8
9

Eo123  Fo123 U Eo Get the baseline quantity
V, « Volume of Ey,,4 cut by cutting planes from E,/{E E Ep}— , . -

0 _ 0123 ’ gp o/ {Bo1}/ oz} /(Eos) that is easiest to be obtained
for each i € {1,2,3} do . ‘ .
Get adjustments from

10: A;— Adjustment from dimensions and cutting planes from E, and {Eq;}

. ; other elements
11: end for
12:

VeV + Z Ay —> Sum up the baseline quantity and adjustments to get final results

13: end for
Output: Y.V

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

The calculation of formwork is shown in Eq (2), where Ag;,4. are the quantities of
side formwork, Apo¢rom/top are the quantities of bottom and top formwork, A, are the
quantities of miscellaneous formwork for special positions and rules. For example, the
equation for the formwork to beam should be Ay.qm = Asidze + Abottom + Amisc.- The
Ag;q0 are the areas of sides measured up to the soffit or the top of the contact slabs, A, ,¢tom

are the soffit areas, and A,,,;s.. are the numbers of small sections of cantilever ends.

A= Agige + Abottom/top + Amisec. (21)

Fig 14 shows the general QTO algorithm for the formwork quantities. The target
element set would have the sides, bottoms, and tops that need formwork. If it is not a slab,
the method would obtain the areas of the sides by the contacted slabs. Whether or not the
side is in contact with slabs determines whether its area is measured up to the soffit or the
top of the slab. The bottom or top areas would be counted as the quantities of the bottom/top
formwork. If it is a slab, in addition to the side areas, the method would obtain the

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

547  miscellaneous quantities.

548
Formwork QTO Algorithm
Input: Element set to be calculated {E,}
Other element sets {E;}, {E-},{E3} // {E:} €[{slab},{beam}, {column},{wall}],i=10,1,2,3
Sides that need formwork {5}
Bottoms/tops that need formwork {B/T}
Special sides that need formwork counted in number {$'}
1— if {Ey} # {slab} then
2 for each E, € {E,;} do
3 for each 5 €{S} do Detect whether the element side is in contact with slabs
4 {slab} < 5 {slab} —> (i.e., whether the side an edge side or not)
Calculate formwork to > if {slab} = 0 then . ) } The side is an inner side, formwork is measured to
elements other than _E Asigs & Asto {slab} sof fit the saoffit of the contacted slab
7 else
slabs , ]- The side is an edge side, formwork is measured
8 Agige & Ag to {slab'} top ; - £l - d sial
9 end for to the soffit of the contacted slab
10 foreach B/T € {B/T} do~ Ger areas of bottom/top requiring
1 Aporrom/rop < Ap/r formwork (e.g., beam soffit)
126 end for
13— else
14 for each E, € {E,;} do
15 for each 5 € {S} do
16 Asige — As — Get areas of slab edges
17 end for
18| {EDJ.} «EnNn {El} -
19 {Eoz} « Ey N {E,) Get elements in contact with the slab
) 20 {Eos} < Eo N {E3}
Calculate formwork to 2% Eo; < Ugleqg Ei 1= 123
slabs 22 Epyzs ¢ Uk, Eo; Unionize the slab and its contact elements as a whole
23 Eoi23 ¢ Eni2z UEp
24 V & Volume of Egys; cut by cutting planes from E, soffit —» Slab volume taken across the contacted
25 t & Thickness of E, beams, columns, and walls
26 for each B/T € {B/T} do Slab volume taken across the contacted elements and
27 Aporzomfzop © V/t = Abotrom (Eoy)ulEoalu(Ees) divided by the thickness subtracts the bottom areas of
28 end for contacted elements to get bottom/top formwork teo that slab
297 end for
300 Apmise, & Count({S'H
Output: Y( A4 +4 + A pise.
549 tp! ( side bottom/top mls:)
550 Fig 14. Formwork QTO algorithm
551
552 4. COMPUTATIONAL ALGORITHMS FOR AUTOMATIC QTO
553 Based on the rule library in Section 3.1.3 and the proposed concepts and algorithms

554  in Section 3.3, detailed computational algorithms are developed to perform the actual QTO
555  for the items. These detailed algorithms utilize both geometric and semantic information
556  from the BIM model to determine the spatial relationships between elements and the
557 interaction with the measurement rules, taking advantage of the designed concepts and
558  methods. The following subsections illustrate the details, divided into the concrete and
559  formwork parts that represent the modeled elements and unmodeled elements.
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4.1. Modeled Element — Concrete

Fig 15 shows the detailed algorithm for the measurement of in-situ concrete slabs,
with explanatory pictures attached for some key concepts and steps. In reference to Egs.
(1), (2), (3), the calculation equation for slabs is V = Vy 4+ Apeam + Acotumn + Awail »
where V is the slab’s quantity, Vj, is the baseline quantity, which is the maximum possible
quantity measured across beams, columns and walls, Apeam: Acorumn @Nd A4 are the
adjustments from these three kinds of elements, which depend on the concrete grades of
the slab and the contacted elements. A, X Tg1qp IN EQ. (1) is considered as the sum of
Agiap X Tsiap (i-€., V) and the adjustments from other elements (i.e., Apeam, Acorumn @nd
Aq1) Which take care of A, Of EQ. (2). First, the algorithm detects the elements in
contact with the slab and unionizes them as a whole so that models with different creation
methods have the same geometric representation. Then, the soffit of the slab acts as the
cutting plane to cut the integrated solid. The miscellaneous items (e.g., voids larger than
0.05 m”3, Vypiq siap IN EQs. (1), (3)) are then subtracted and the baseline quantity is
obtained. Subsequently, for each beam, the algorithm detects the contacted slabs and uses
the concrete grades of the slab with the greatest thickness and the beam to determine the
adjustment from the beam. If they are different, the adjustment would be
—sof fit area of beam X slab thickness, otherwise, it is 0. For other slabs in contact
with this beam, the adjustment part that is calculated by multiplying the beam’s area with
the slab’s thickness should be deducted from their baseline quantities to avoid duplicate
calculations of this part. The adjustments from columns and walls can be obtained through
similar processes. Finally, the baseline quantity and the adjustment are summed to get the
results.

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

have similar processes are shown in appendix A.
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Fig 15. Algorithm for measurement of slab quantities
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4.2. Unmodeled Elements — Formwork
The detailed algorithm for the measurement of formwork to beam is shown in Fig
16, and based on Egs. (13), (14), (15), (16), the relevant equation is A = Agjge +

Apottom/top T Anr, Where A is the formwork’s quantity, Agq. IS the quantity of the
formwork to the beam’s elongated sides, Apottom,top 1S the quantity of the formwork to the
beam’s bottom and top, Ay, IS the number of small sections of cantilever beams. In this
equation, Ag;q. takes care of Agize ) Asige 1 AN Appening IN EQS. (13), (14), (16), and Ay,
denotes Ny;q4. in EQ. (14). These two items together represent Ag;q in EQ. (13). Ago 5 and
A¢op In EQs. (13), (15) are regarded as Aporrom/top IN this equation. First, for each beam,
the algorithm extracts the elongated vertical sides and performs contact detection for each
of them. No contacted slabs means that the formwork area on that side should be measured
to the top of the slabs in contact with the beam. Otherwise, it is measured up to the soffit
of the contacted slabs. The distances to the soffits and tops of the slabs are determined by
the distances between the soffits and tops of the slabs and the soffits of beams, instead of
directly taking the unreliable dimension variables (e.g., beam height) that may vary among
different modeling scenarios (e.g., the examples in Fig 1). Then, the reduction items (e.g.,
openings larger than 1.00 m?) are subtracted to get the side areas. For Apottom/top, the
soffit areas after subtracting the reduction items serve as A,,trom, While the A, can be 0
or the top areas after subtracting the reduction items, depending on the sloping of the beam.
Apottom/top 1S the sum of Apoee0m and Ag,,. Further, the algorithm extracts the cross-
section sides and finds the elements in contact with the sides. If there is one cross-section
side without contacted elements, that beam is a cantilever beam. In that case, the formwork
to such sides is counted in numbers that are obtained by recording the number of the
detected cantilever ends. Finally, Agige, Apottom/top @Nd Ay, are summed to obtain the
results.

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

computational algorithms that are similar.
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5. ILLUSTRATIVE EXAMPLES

The proposed framework is validated with three scenarios of the same model under
two conditions (i.e., the slabs have the same or different concrete grades with other
elements), respectively. Autodesk Revit 2021 and Dynamo 2.10 [49] are used to develop
the prototype programs for illustration. The semantic auditing algorithms are implemented
using Python 3.8.6., and PyEnchant 3.2.0. [50] is used as the linguistic checker to perform
the exact and approximate string matchings aforementioned.

5.1. Configuration of BIM Models

As shown in Fig 17, the model is created with reference to three different approaches
in terms of the precedence between the concrete elements, as follows:

(1) The default joint where the slab takes precedence over other concrete elements,
which is the default joint setting in Revit;

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

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

The degree of semantic information availability is intentionally designed to test the
performance of the proposed semantic auditing algorithms. In the default joint model, there
is no information regarding the concrete grade, and the type information is written as susp.,
which is a common abbreviation of suspended adopted by quantity surveyors. In the switch
joint model, while the concrete grade attribute is provided, it is misspelled as concete. For
the overlap model, the attribute value of one type name, beam, is misspelled as bean, and

the type information, bg., which is the QS abbreviation of bearing, is misspelled as bf.
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Fig 17. Three modeling scenarios in Revit

5.2. Automatic Semantic Auditing

The three BIM models are checked using the proposed semantic auditing approach
to ensure that complete and correct information is provided for QTO. Based on the
proposed semantic data model in Fig 5, the required information for QTO is mapped with
the Revit model attributes so as to generate a checklist, including the identity, geometric
and semantic information. An example is shown in Table 2. Since the unit is a project-level
parameter and each Revit project has its own units, there is no need to check the existence
of the unit attribute for the elements. In addition to built-in parameters, users can add more
project parameters or use customized families in the platform to express domain-specific
information, and the naming of the same parameter varies among different modelers. For
example, b is the beam width parameter for the system beam type, while customized beam
families may use width to represent the beam width parameter. Similarly, concrete grade
can be added as conc grade or concrete grade. Therefore, it is important to know how the
parameters are expressed and have various kinds of domain-specific expressions for the
same required information in the checklist. In the illustrative examples, the beam uses the
default naming in the system. The attributes in the right column serve as the baseline to

check if the information from the BIM model is complete and correct.
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Table 2. Mapping required information with Revit attributes (use beam as an example)

Required information Revit attributes
Id Type Id
Identity Name Type Name/Type
Unit N.A.
Beam length Length
Geometric Beam Wi.dth 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)

As presented in Table 3, for the default joint model, the proposed algorithms
satisfactorily identify the missing concrete grade information and do not misclassify the
correct information (e.g., the susp., which is treated as correct type information in QS, is
not classified as a misspelling). Results for the switch joint model show that the information
required for the QTO is complete, but the attribute name Concrete Grade is misspelled as
Concete Grade. This indicates that the algorithms can still recognize the information even
though the name of the attribute is misspelled unintentionally. In common keyword
checking methods that perform exact matching, this typo will be reported as missed
information. In addition, the proposed semantic auditing approach can automatically
correct the misspelled attribute values identified in the BIM models. As the results for the
overlap model shows, with part of the type name, Bean, being recognized as a textural error,
the algorithms can also automatically correct the misspelled attribute name as Beam.
Moreover, the misspelled type bf. is automatically and accurately corrected as bg. (i.e., QS
abbreviation of bearing) instead of other similar forms such as bk. (i.e., abbreviation of

brick). This improves the quality of the semantic information in BIM for QTO.
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Table 3. Auditing results of semantic completeness and correctness in the three illustrative models

Information completeness

Information correctness

Adequate ) ) ) ) ) )
ID ) ) Missed information Parameter Misspelling Correction
information?
Default joint Concrete Grade/Conc.
300310 Not N/A N/A N/A
model* Grade
Switch joint Concrete
300310 Yes N/A Concete Grade Concrete Grade
model* Grade
Bean-400mmx Beam-400mmx
300310 Yes N/A Type Name
Overlap model* 300mm 300mm
301055 Yes N/A Sub Type bf. bg.

677 1 the results for other mistake elements are the same, which are not repeated herein.
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5.3. Code-compliant QTO Automation

After the design information in the BIM model is checked and corrected, prototype
programs are developed to take-off the quantities of the concrete and formwork. The
proposed QTO algorithms are applicable to any BIM authoring software since they are
general calculation concepts. Nevertheless, to test their performance, Dynamo is utilized
to develop the prototype program. Fig 18 and Fig 19 show the results of concrete and
formwork from the prototype program, in comparison to the baseline (i.e., manual
calculation by quantity surveyors), Autodesk Revit representing the traditional BIM-based
method, and Glodon Cubicost TAS [16] representing the professional QTO software.
Same-grade refers to the condition where the concrete grades of the slabs are the same as
those of other elements, while different-grade is the opposite.

For the concrete results, Fig 18 shows that our proposed method outperforms the
professional QTO software, and they are both better than the traditional BIM-based method.
The proposed framework is stable across all of the three model creation methods regardless
of having the same or different concrete grades. However, the quantities exported from the
BIM authoring software and the professional QTO software vary and have relatively large
deviations in most of the cases. The reason is that the BIM authoring software extracts
material quantities solely based on the 3D representations of the modeled elements, which
are different in the three BIM models. On the other hand, although the professional QTO
software takes into consideration the SMM rules in QTO, it only handles the overlapping
parts in the BIM model (i.e., intersections are not considered in reduction and no-reduction
rules if the intersected elements do not overlap, as shown in Fig 20). Instead of relying on
dimensions, our method utilizes different calculation concepts (i.e., plane and solid) to
conduct the QTO process. After unionization at the intersections, the models with default
joints, switch joints, and overlaps have the same geometric representation. Then, cutting
planes are introduced to cut the integrated solids. Therefore, the same cut solids generate
stable results in different modeling scenarios. For example, when computing slab quantities
under the same-grade condition, the volume item Ag;,p, X Tgqp IN EQ. (1) is taken care of
by the upper solid after cutting the integrated solid with the soffit plane of the slab, instead

of multiplying the slab dimensions that vary in the three different models to obtain Ag,),
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and V. Further, the results from the BIM authoring software are the same in both same-
grade and different-grade situations, which is not aligned with the SMM rules, because the
software obtains the quantities based on the 3D geometries without consideration of the
semantic data (e.g., concrete grade) carried by the model. In contrast, our method detects
the spatial relationships in adjacent elements using the contact detection algorithm so that
the contact elements can be identified, and their concrete grade information can be
considered in the calculation process to reflect the measurement rules (e.g., situations under
Cstap = Cother AN Cgiqp # Corner 1N EQ (2)). For the professional QTO software, if the
intersections are detected as an overlap area, the reduction rules in SMM will be applied
automatically to compute the concrete quantity (see Fig 18 (b)), otherwise, consideration
of these intersections would be missed. The existing BIM authoring and professional QTO
tools suffer from the limitations of the conventional model-based approach. Through the
manipulations of planes and solids instead of dimensions, as well as the considerations of
spatial relationships and semantic information, our method is immune to varying BIM
model creation methods and can reflect the measurement rules in the calculation.

More importantly, the quantities from the proposed method are almost the same as
the baseline results in all situations, which means they are reliable and can be used in
practice. This is because the proposed method incorporates the measurement rules and
utilizes both geometric and semantic information for the calculation. For example, when
computing the slab’s quantities, the algorithms would use the geometry to obtain the
contacted elements, then use the semantics (i.e., concrete grades) to determine the
dominance of the slab in Eq. (2). If the concrete grades are the same, the geometry of the
intersection parts belongs to the slab’s quantities, otherwise, it is not considered as part of
the slab, as shown in Fig 18 (a) and (b). However, as explained above, the BIM authoring
software simply takes the geometry of the slab and results in inaccuracies. Since there is
no overlap at the intersections in the default join and switch join models, the professional
QTO software does not apply rule calculations (e.g., reduction, no-reduction) for the
intersections and hence has deviations. In addition to SMM rules, another important aspect
regarding the accuracy of our proposed method and the deviation of the BIM authoring
software and the professional QTO software is the consideration of classification rules. As

Fig 21 shows, the element between two walls is modeled as a column. However, it should
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be classified as a part of the walls instead of the columns, because the width exceed four
times its thickness [12]. The corresponding concrete quantities should belong to the wall
category. The proposed method incorporates such classification rules in SMM and hence
can classify the concrete quantities into the correct categories. However, the BIM authoring
software classifies building elements and their quantities purely based on the element
categories defined when the model is created. This may lead to incorrect classifications of
the building elements and a larger discrepancy in the QTO results.

For the formwork results, as shown in Fig 19, there are no quantities from the BIM
authoring software since formwaorks are not modeled, but our proposed method can provide
not only automatic but also almost code-compliant results because it utilizes information
from the modeled elements (e.g., soffit, side) and considers the rules comprehensively,
with the concept of spatial relationship detection (i.e., contact detection) and manipulations
of planes and solids rather than dimensions. For example, when calculating the quantities
of formworks to slabs, the item for bottom formwork A,/ in Eq. (17) is obtained by
subtracting the soffit areas of the elements in contact with the slabs from the total bottom
area of the integrated solid consisting of the slabs and the contacted elements. Instead of
taking the areas of the exposed surfaces directly, the algorithms carefully consider the
reduction and no-reduction rules at the intersections such as those mentioned in section
3.1.3 to make the results compliant with the measurement standard. For instance, when
obtaining the quantities of formworks to columns or walls, the A, ersect IN EQ. (10) comes
from the column-wall or wall-wall intersection areas without consideration of beams
through only detecting contacted columns or walls. As presented in Fig 19 (c), the
algorithms can also capture the formwork quantities counted in numbers at the cantilever
ends (i.e., Ng;qe in EQ.(14)). In contrast, although the professional QTO software can also
provide almost accurate formwork areas, it cannot output the formwork counted in numbers
at cantilever ends directly (see Fig 19 (c)) and misclassifies the formwork to walls into the
formwork to columns (see Fig 21), which increases the column formwork and decreases
the wall formwork.

In addition, the method to calculate formwork quantities using BIM in [31] was
replicated according to the main logic and the results were compared with those from the

proposed method. As shown in Table 4, the method in [31] has relatively large deviations
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about the areas of formworks to columns and walls. The reason is that it directly considers
the areas of exposed surfaces as the formwork quantities without careful considerations of
reduction and no-reduction rules at the intersections (e.g., no reduction should be
conducted for formworks to columns at the beam-column intersections). Furthermore, it
does not consider the QTO-specific discrimination rules (e.g., Fig 21) and thus
misclassifies the formwork categories and enlarge the deviations. Besides, formworks
counted in numbers cannot be captured by [31] since it purely deals with the surface areas.

In summary, our method considers actual complex measurement rules for
formworks comprehensively (e.g., considering reduction and no-reduction rules by
detection and no-detection of contact elements accordingly, obtaining formwork quantities
counted in numbers by using the spatial detection algorithm flexibly, and classifying
formwork types appropriately), instead of directly eliminating intersections to obtain
exposed areas.

Due to the system error, there are slight differences between the results from our
proposed method and the baseline. At the backend, Revit would convert the metric units in
the project to imperial ones to store the geometry data. Since in the unionization process,
the edges of the elements to be unionized need to align with each other, there is a unit
conversion from metric units adopted by the project to the imperial ones in the Dynamo
scripts. After calculation, the results would be converted back to standard units. Such unit
conversion process and the rounding operation afterwards would lead to small deviations.
In addition, the summation would accumulate the deviations in the results. However, the

differences are small enough to be acceptable.
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(C) Beam quantity under same-grade situation (d) Beam quantity under different-grade situation

o 67 6.8 Y 6.8 6.8 67 68
vy ~ 3
60 3 0 N §
E Ezi ) § 44 44 \
240 o3d 3.6 240 \ 33 \
: N : Nk \
F I N *, N E \
20 po o] \ 20 \ 3% \
o4 A
0.0 — 0.0 - i
Default joint Swilch joint Overlap default joint switch joint overlap
% Baseline > Proposed method < Revit » Cubicost ®Baseline v Proposed method  ~Revit .« Cubicost
(e) Column quantity under same-grade situation (f) Column quantity under different-grade situation

w
=

o

=

40 40 : 4.0 40 41
= = s3] 3 = 3%
*e 1221 b2 2= o4
5 3 333 8 28 T 331 %30 e
2 o 122) b3S S o+ 4
2 *4 1221 N s 2 23
E + 133 \ 001 E Yo 04
=20 3 333 \ 8¢ 520 3%
s 3 i N s
$ B L NEi 3
Lo + 1 \ P2 10 o 4
33 23] N &
0.0 R oL bed &\ I ¢4 0.0 044
Switch joint Overlap default joint switch joint overlap
# Baseline % Proposed method = Revit &« Cubicost % Baseline ™ Proposed method = Revit  **Cubicost
(g) Wall quantity under same-grade situation (h) Wall quantity under different-grade situation
6.0 58 5.8 7.0
N
50 50 NEE &l 51 &
5.0 vy~ Ll e & %
— 44 *41 5.0 © 99 po 9]
122 *o: o
= b4 > 59 & +0 04
= 132l v & o) =20 3% o34
u 04 >0 ®
g 4.0 04 bes p 44 9]
g 122 Lol g 3.0 3¢ eed
3 3 > ¢ o Icha 231 sod
= ol bod) > 231 sod
s4 b 2.0 >4 *94
3.0 p o) PO +4 *o4
33 33
o4} 33 10 s0 123
" 58 N 3% o 3 33
Default joint Switch joint default joint switch joint overlap
% Baseline v Proposed method = Revit  # Cubicost < Bascline  ~ Proposed method = Revit  © Cubicost

794 Fig 18. Comparison of concrete quantities

795

(a) Area of formwork to slab (b) Area of formwork to beam

80 77.0 771 77.0 77.0 771 770 77.0 771 77.0 8o e o P
N N B N B i Zen 3%
& N N B N i 7 N 331 N 3
. N N i N i TR N 35 N
£ N B X # N & |2 NEE: # N &
o N ;S N o N % $34 N #
00 N N N 3 00 N # 331 N #

Deflault joint Switch joint Overlap Default joint Switch joint Overlap

% Bascline ™ Proposed method ~ ®Revit "~ Cubicost % Bascline ~ Proposed method ~ ®Revit  * Cubicost

42



(C) Number of formwork to beam (d) Area of formwork to column
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796 Fig 19. Comparison of formwork quantities
797 Table 4. Comparison of formwork quantities with [31]
ltemn Default joint/Switch joint/Overlap
Baseline Proposed method  [31]
Area of formwork to slab 77.0m? 77.1m? 77.1m?
Area of formwork to beam  46.3m? 46.4m? 46.7m?
Number of formwork to beam 3Nr 3Nr -
Area of formwork to column  38.4m?2 38.4m? 42.3m?
Area of formwork to wall 56.8m? 56.9m? 49.1m?
798
(@) Slab overlaps with one-quarter of the (b) Slab overlaps with the whole intersection

intersection with each column with each column
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(c) One quarter of the intersection being (d) The whole intersection being considered
considered for reduction/no-reduction for reduction/no-reduction

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

Element category: Column
QTO category: Wall

Fig 21. Column and wall discrimination in the QTO process

6. CONCLUSIONS

In this paper, QTO-related information requirements are identified through a
typical QTO process map containing the information flow and data exchange among
different tasks and stakeholders. A semantic data model for typical in-situ concrete QTO
items is established to represent the semantics in the measurement rules. A rule library is
also formulated to express the logic for computing the material quantities. The developed
data model provides the basis for improving the interoperability and open digital workflow
for automatic QTO and/or cost estimation in construction. An automatic semantic auditing

method based on linguistic techniques is developed to check the completeness and
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correctness of QTO-related information such that the information in the BIM models is
sufficient for undertaking the QTO process. The principles of the semantic auditing
algorithms can be applied not only for QTO but also for other applications to ensure
semantic richness. Further, new calculation concepts and methods are designed to utilize
both geometric and semantic information to detect the spatial relationships and determine
the interactions with measurement rules for automatic and code-compliant quantities in
different modeling scenarios, providing quantity surveyors with automation, code-
compliance, and robustness in the QTO process.

The developed knowledge model-based framework is applied to three illustrative
examples. The results of semantic auditing indicate that the algorithms can perform not
only keyword matching but also approximate string matching to ensure the quality of the
BIM model semantics for QTO purposes. While BIM models can be created by different
methods which may cause graphical errors and impact on the calculation of quantities, the
proposed framework equipped with the measurement rules and newly designed QTO
algorithms can provide automatic, code-compliant, and robust results. Therefore, the
knowledge model-based framework presented in this paper establishes an approach for
delivering reliable quantities of different QTO items that can be used in practice without
adjustments.

The knowledge modeling process in this paper relies on human intervention to
extract the QTO-related information (e.g., entities, attributes, relationships). Given that
the Natural Language Processing (NLP) and machine learning techniques have the
potential to extract pieces of information (e.g., named entities) from documents,
automatic information extraction can be explored to support human-free knowledge
modeling. In addition, this study covers the typical in-situ concrete elements and
formworks, while a wider range of unmodeled items (e.qg., finishing) which involves large
amounts of semantic information, are not included. Developing more efficient algorithms
to learn the rich semantics of unmodeled elements for logical reasoning of the material

quantity can be considered as a part of future work.

APPENDIX A. Algorithms for measurement of concrete quantities
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The computational algorithms for the measurement of columns, walls, and beams
are shown in Fig 22. The calculation equation for columns is V =V, + Ag,p, Where V is
the column’s quantity, and V, is the baseline quantity. In the column’s case, it is the
maximum possible quantity (i.e., the height of the column is measured up to the top of the
slab). Agp IS the adjustment from the contacted slabs. For walls, the calculation equation
ISV =V, + Agqp, Where V is the wall’s quantity, V, is the baseline quantity, which is the
case that the wall is cut by the contacted columns (i.e., walls are measured between columns)
and measured up to the top of the slab. A, is the adjustment from contacted slabs. For
beams, the calculation equation is V =V, + Ag4p, Where V is the column’s quantity, and
V, is the baseline quantity. In the beam’s case, it is the minimum possible quantity, which
is the case that the beam is cut by the contacted columns and walls (i.e., beams are measured
between columns and walls) and then further cut by the soffit plane of the contacted slab

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

of beam quantities)
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APPENDIX B. Algorithms for measurement of formwork quantities

The computational algorithms for the measurement of formworks to columns, walls,
and slabs are shown in Fig 23. The calculation equation for the formwork to columns is
A = Agige, Where A is the formwork’s quantity, Ag;4. 1S the quantity of the formwork to
the column sides. If there are identified intersected walls with column sides, the intersection
areas should be subtracted, which are calculated up to the soffit or the top of the slabs,
while the areas of the column-beam intersections should not be deducted. Finally, the
quantities of formwork to the column equal the side areas after subtracting the areas of the
column-wall intersections.

The calculation equation for the formwork to walls is A = Ag;4., Where A is the
formwork’s quantity, and Ag;4. iS the quantity of the formwork to the wall sides. The
calculations are similar to columns except for one additional reduction from the wall-wall
intersections.

The calculation equation for formwork to slabs is A = Agiqe + Apottom/top, Where
A is the formwork’s quantity, Ag;4. 1S the quantity of the formwork to the slab edges,
Apottom/top 1 the quantity of the formwork to the slab’s bottom and top. The total slab
area is first obtained through the cutting of the solids unionized from the slabs and their
contacted elements. Following this, Ap,:tom 1S Obtained after subtraction of the reduction
items and the areas of the soffits or bottoms of the contacted beams, columns and walls
detected earlier. On the other hand, the algorithm extracts the vertical sides to find
contacted elements. If the side has no contacted elements, it is an edge that needs formwork

and its area is counted into the Ag; ..
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measurement of formwork to slab)
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