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Towards Sustainable Construction: BIM-enabled Design and Planning of
Roof Sheathing Installation for Modular Buildings

Hexu Liu', Christoph Sydora Mohammed Sadiq Altdf
SangHyeok Hah and Mohamed Al-Hussein

Abstract

Off-site construction and building information mdidg technology bring benefits to the
construction industry in many respects, such agaedl material waste, and lead to solutions
towards sustainable construction. Neverthelesspitdeshe uptake of off-site construction
methods and BIM, massive construction waste in $esimsheathing material (e.g., oriented
strand board) is still yielded in the light-frameilding industry. This research thus presents
an automated building information model (BIM) apgeb to reducing sheathing material
waste by enabling a proactive design and plannimgaf sheathing installation for modular
buildings. Specifically, a BIM-based sheathing lalydesign algorithm, which incorporates
trades know-how, is developed to achieve the cocistn design automation. A hybrid
algorithm integrating greedy algorithm and part&earm algorithm is applied in connection
with the design algorithm to optimize material mgtplans for the generated layout with the
objective of minimizing sheathing material wastewol case studies are presented to
demonstrate the feasibility and effectiveness @& pinoposed approach in terms of roof
sheathing material waste reduction. The resultsamemarized to provide deeper insights in

terms of sheathing waste reduction for more susbdénconstruction practice.
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1 Introduction

The aim of construction waste management and mumaiton (CWMM) is to protect the
environment by identifying and minimizing wastesrfr construction and thereby reduce its
contribution to pollution of the environment (Sheh al., 2004). In this respect, Giroux
Environmental Consulting (GEC) (2014) categorizes $equences of CWMM as the 5Rs,
which are (1) reduce; (2) reuse; (3) recycle; (drower (energy); and (5) residuals
management/disposal. As the first R, waste redud¢togets minimization of waste at source.
Any waste that is incurred should be reused ordedyto reduce its impact on the
environment. When there is still waste after theosd and third Rs, “recover” is
implemented to recoup energy in the form of elett{ri heat, or steam from waste sources.
Finally, any remaining waste is buried in the gws landfill, which is the most common
final disposal option. The recover and residualshagament/disposal sequences require
several societal responsibilities and efforts, sasha large amount of budget and time
allocated to processing waste at the disposalitiaciFor this reason, better construction
planning and management is crucial in CMWM as i sgnificantly reduce the waste
generation by not only avoiding rework and unneamgssnaterial handling, but also using
construction materials efficiently (Won & Cheng, 1Z0. Accordingly, the design and
planning stage is the most important period inlifieecycle of construction projects in terms
of reducing construction waste (Esa et al., 201fips@ et al., 2017). Proper design and
construction planning provide many environmentaidfigs, reducing not only construction

waste (by up to 40%) but also greenhouse gas emgséDing & Xiao, 2014).
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Off-site construction is regarded as a promisingstmction method to reduce the generation
of construction waste (Jaillon et al., 2009; Meibetal., 2014). Off-site construction is an
approach that “brings on-site construction workw ia climate-controlled facility where
advanced machinery and manufacturing technologierde utilized to prefabricate buildings
in a standardized and efficient manner” (Liu et 2017). Off-site construction affords the
opportunity to effectively implement managerial moyements and to re-engineer
construction processes into efficient manufactupngcesses. As such, off-site construction
has the potential to significantly reduce the wastsociated with conventional construction
processes. This has been substantiated by recsdrch such as studies in Hong Kong,
where an average reduction of 52% in constructiolunae (Jaillon et al.,, 2009) and a
reduction of 70% in concrete waste (Lawton et 2002) was achieved through the use of
off-site construction methods. Despite the usehefdff-site construction method, however,
massive amounts of construction material wasteh sigcin the form of sheathing material
(e.q., oriented strand board), is still generatethe light-frame building industry. Building
components, including wall studs, floor joists, aodf trusses in light-frame buildings, need
to be covered using sheathing sheets to form thiditg exterior. Raw sheathing sheets,
however, come in rectangular shapes of varying deioss (e.g., 4 X 8 and 4 X

12" ). These sheathing sheets of nominal sizes nebd toit to fit the designed dimensions,
then fastened to the studs, joists, and trussesordimg to the industry benchmark (Liu et al.,
2018), the construction waste of sheathing sheetha light-frame building manufacturing
industry falls within the range of 12.57% and 22&6@ercentage of total material used). The
amount of sheathing material waste attributableotaf systems in particular accounts for
more compared with walls and floors and increas#s the increasing level of complexity of

roof systems.

In reality, it is challenging to proactively desighe sheathing layout and plan material
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cutting for the roof system of light-frame buildsxdue to the complexity of its geometry and
the absence of specific geometrical representatialesign (Formoso et al., 2002; Al-Hajj &
Hamani, 2011). To overcome this challenge, Won &erith (2017) suggest that building
information modelling (BIM) is a promising alterns since it provides digital
representation of building components and alloweraisto extract the geometrical
information in order to generate prefabricated sti@wings that may be used for automated
and machinery processing on a production line. Ashs BIM offers the potential of
implementing proactive plan and management teclesigu relation to construction material
usage. Nevertheless, in current practice the emecih of construction details, such as the
roof sheathing layout, into the BIM model is bothmal and tedious such that the model is
usually not sufficiently robust and detailed foreusy building trades in the field. In this
respect, there is a lack of design algorithms foromated enriching BIM for specific
construction applications, and this impedes thectiffe and efficient expansion of BIM in
the industry (Ding et al., 2014; Tan et al., 201)r this reason, construction practitioners
still make their decisions regarding the roof shiewf layout and the cutting plan of material
sheets on an ad hoc basis using rules of thumlh Suexperience-based approach to roof
sheathing installation results in considerable neltevaste. Partly due to this fact, off-site
construction has not been leveraged to its fullacdap (Hwang et al., 2018), especially in
terms of sheathing waste minimization, in the kffatme roof construction. There is a
pressing need for innovative technology and a rotad to supplant the experience-based,
as hoc approach to roof sheathing installationeffettively enable the proactive design and
planning of roof sheathing for light-frame buildg)gespecially in the off-site construction

industry.

To this end, this research explores an automatbtiliglsed approach to designing sheathing

layouts and planning sheet material cuts (i.e.igdeand planning of sheathing installation)
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with a focus on the roof system of light-frame desitial buildings. The key contributions of
this research are a rule-based roof sheathing meaigorithm and hybrid optimization
algorithm which are capable of preserving tradesakhow in the automated development of
sheathing layout design for roofs while minimizimgterial cutting waste. Additionally, this
research addresses the limitations of existing Bilttice in terms of catering to the specific
needs of building trades for proactive design alainpng of roof sheathing installation. A
prototype system is developed and applied to tgbtiirame roof systems constructed by
means of off-site construction methods. Test resalie summarized to provide deeper

insights in terms of roof sheathing waste minimaafor sustainable construction.

The remainder of this paper is organized as follolmsSection 2, previous research is
reviewed to clarify the research gap. Subsequetiitéyresearch methodology is illustrated in
Section 3. Section 4 describes the prototype syd@mlopment. The case studies, as well as
their results and material waste insights, are ridsst in Section 5. The final section

concludes the paper, highlighting the researchriturion.

2 Literature Review

This section reviews the existing research witlpeesto construction waste management and

minimization (CWMM), and explores how BIM has baesed to support CWMM.

2.1 CWMM

Extensive studies on CWMM have been conducted icent decades to improve
sustainability in construction. Among the five passn the construction life cycle, i.e., (1)
initial phase, (2) design phase, (3) constructioase, (4) performance and monitoring phase,
and (5) closure phase, these studies have focus®adrpy on waste minimization in the
construction phase (Osmani, 2012; Ajayi et al., 72)1 Typical examples include: (1)

development of on-site waste auditing and assedstoels (Saez et al., 2013; Nagpure,
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2019); (2) on-site construction waste sorting meshand techniques (Chen et al., 2002;
Wang et al., 2010); and (3) reuse and recyclinghous (Al-Bayati et al., 2018; Sim & Park,
2011; Zega & Di Maio, 2011). On the contrary, Aj@iOyedele (2018) and Ekanayake &
Ofori (2004) investigated waste preventive measussg critical design factors during the
design phase, including measures implemented dsopahe design process (e.g., early
collaborative agreement before design activitiead amproved communication and
coordination between various specialties) and dedmrumentation (e.g., error-free design
and detail specification) for construction wastenimization. More recently, Ajayi and
Oyedele (2017b) have suggested improving the acgwad completeness of information in
design and detail specification drawings in orderréduce rework and thereby decrease
material waste. Furthermore, the improvement of mamcation and coordination between
various trades is key in preventing the generatibononstruction waste and improving the
design process (Ajayi & Oyedele, 2018; lkau et 2013; Al-Hajj & Hamani, 2011). All
these efforts have been undertaken to minimize tnmi®on waste from the managerial

perspective (i.e., managerial improvements).

In addition, researchers and construction practie alike have also been seeking to develop
various mathematical models and algorithms to miggnwaste in material cutting. Some
building materials, including reinforcement bar asttkathing sheets, is available only in
certain sizes and must be cut to the designedaiaese in the given project. Cutting of these
materials leads to the cutting-stock problem, whilone of the well-known problems in
combinatorial optimization. Many efforts have thattempted to improve and/or design new
algorithms to solve this problem. For instance, htare et al. (2009) developed a
combinatorial algorithm to solve the one-dimenslionating stock problem for lumber in
wood framing. Porwal & Hewage (2011) and Zheng.e2®19) applied simulated annealing

and integer programming, respectively, to mininope-dimensional rebar waste. In terms of
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operational research, Del Valle et al. (2012) and & Zhao (2013) developed different
heuristic algorithms for two-dimensional cuttingait problems. These efforts, it should be
noted, sought to address the waste minimizatiomleno for generic material by merely
formulating a cutting-stock optimization problemutldlid not consider specific engineering
constraints in material cutting. For example, shiegt sheets are orthotropic plates, such that
a sheet is usually cut with its axis (i.e., lendtrection) perpendicular to the trusses, rather
than in an arbitrary direction as in traditionattmg-stock optimization. In this regard, Liu et
al. (2018) applied greedy algorithms to addresibeutting stock optimization problem for
cutting of sheathing sheets. Their work primaribyncentrated on optimizing the cutting plan
of sheathing sheets with 2D rectangular shapesvédlis and floors in residential buildings.
The algorithm they presented is not applicableotdf sheathing material cutting as there are
2D irregular shape sheets on roofs. Moreover, tihvéun build upon these efforts, the present
research seeks to develop a hybrid algorithm torope the planning of sheathing material

cuts for 2D irregular shapes for use in varioug$ypf roofs in residential buildings.

2.2 BIM for Waste Reduction

BIM has been widely used by industry and academiaCWMM, capitalizing on its
capability in terms of parametric modelling, digjiteepresentation of building design,
collaboration, and coordination (Hardin, 2009; Keglg& Nies, 2008; Eastman et al., 2008).
In this context, Liu et al. (2015) have proposeilsl-based decision-making framework to
minimize construction waste in the design phasen\dod Cheng (2017) have identified
potential areas where this can be accomplished) agcdesign review, 3D coordination,
guantity take-off, phase planning, site utilizatdanning, construction system design, digital
fabrication, and 3D control and planning during tiie cycle of construction projects, in
order to extend the application of BIM in the CWMNnh addition to this, specific

applications of BIM in CWMM are represented in fioowing studies: (1) BIM-enhanced
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coordination (Ahankoob et al., 2012) and (2) ome-sitaste management improvement
(Hewage & Porwal, 2012). In these contributionsMBE used to facilitate design-related
tasks such as project coordination and communitatWdth respect to design and planning
analysis, BIM can also be used to provide billsrafterials for a manually pre-determined
design for the purpose of material waste analyss @duction. For instance, Porwal &
Hewage (2011) leveraged BIM as an information hutb iategrated the cutting optimization
algorithm with BIM in order to minimize structureginforcement waste. The BIM model in
their study, though, must be developed manualli witfficient details of reinforcement. In a
sense, these efforts have been undertaken on é&meiger that the BIM model should be
developed manually to a sufficient level of detsl the input for waste analysis. However,
for roof sheathing installation and material wastenimization, there is a lack of
methodology and algorithms by which to automaticgiénerate construction details (e.g.,
sheathing layout) based on BIM. This constrainsteng BIM practice in terms of its ability
to cater to the specific needs of building tradese @cent effort in this regard has been a
BIM-based automated design and planning systemogeapby Liu et al. (2018) which is
intended to design sheathing and drywall layouts wadls and floors in light-frame
residential buildings. Still, BIM-based automatdeathing design and planning for complex
roof systems, incorporating comprehensive practicedes know-how and material waste

minimization with 2D irregular shapes, has yetddrassed.

3 Methodology

The present research investigates a BIM-based apprto (1) automating the sheathing
layout design development for light-frame roof syss$; and (2) automating waste analysis
(i.e., planning the sheet cutting) to reduce th¢éema waste. Specifically, a BIM-based roof
sheathing design algorithm, which incorporatesdsakhow-how, is developed to achieve the

design automation. A hybrid algorithm integratingeeply algorithm and particle swarm
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algorithm are applied in connection with the pragbslesign algorithm to optimize material
cutting plans for the generated layout design wiita objective of minimizing sheathing
material waste. Towards this objective, a seriesteps are carried out sequentially. The first
step is to interpret the BIM in order to extradevant information pertinent to roof sheathing
design (e.g., truss information). The 3D geomeltricdiormation in a given BIM is
transformed into a 2D local coordinate system ¢off Isurfaces) to ease the configuration of
the sheathing sheet layout for each componentarater stage. Conceptually, the 2D roof
surfaces function as a model view of a given BIMdelofor the sheathing layout design
analysis. Afterwards, the roof sheathing layoutigleslgorithm is developed to formulate
sheathing design alternatives based on the builidifogmation extracted from the BIM. To
preserve constructability in the generated shegttiésign, trades know-how is interpreted as
object-based machine-readable codes and incorpoirate the design algorithms. Upon the
completion of the sheathing layout design usingdésign algorithm, quantities of designed
sheathing sheets are obtained. It is worthy to mioé designed sheathing sheets vary in
shapes from triangular, rectangular, parallelogrampezoid and other irregular 2D shape
due to the complex geometry of roof systems. Sules#ty, the material waste minimization
is performed to determine the material cutting plae., waste analysis) for designed

sheathing sheets. In such cases, cutting roof lshgasheets from nominal sizes (e.d.,4

12" with the shape of rectangular) to designed sizath (the shape of trapezoid and other
irregular 2D, etc.) is formulated as an irregulaae 2D cutting stock problem. Although
roof sheathing sheets are three dimensional predirctrectangular shapes of varying

dimensions (e.g.,'4 X 8" and 4 X 12’ ) and thicknesses (e.g., /2and 5/8 ), the

sheets are always cut in the direction of eitherléimgth or the width of the sheet. As a result,
the optimization problem is indeed a 2D cuttingcktgroblem. A hybrid algorithm

integrating particle swarm optimization (PSO) anckegly algorithms is developed in
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planning the material cutting. Finally, two casedss are selected to demonstrate the

feasibility and applicability of the proposed sadurs.

Notably, although BIM represents the use of n-D ei®do facilitate the planning, design,

construction, and operation of a facility, this Blathematical optimization problem does not
discourage the use of BIM. Essentially, BIM prowda rich information repository that

allows project stakeholders to easily access aateshformation across the project lifecycle
for seamless collaboration and decision suppothiBiregard, BIM is crucial in this research
since it provides the necessary inputs (e.g., anof truss information) for the computational
analysis (i.e., sheathing layout design analysid aheathing cutting waste analysis).
Specifically, discipline-specific 3D BIM models €i, architectural and structural BIM

models) are taken as inputs in this research; ttren sheathing layout design algorithm
automates the generation of construction desigaildeb serve the needs of construction
practitioners, while the sheathing cutting wasggwathm formulates the material cutting plan
to minimize construction waste. Meanwhile, buildingprmation generically takes the form

of an object-oriented representation in the BIM elptegardless of whether the visualization
is 2D or 3D. Rich information and its object-oriedtrepresentation of BIM boost the
efficiency of information extraction. In this resel, roof and truss information required for
sheathing installation is extracted and manipulatedhe object-oriented form. The 3D

geometrical information is merely transformed 2D to ease the configuration of the
sheathing sheet layout for each component (i.empotational design analysis). In the
following sections, the layout design analysis aradte minimization analysis are described

in detail.
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3.1 Sheathing Layout Design Analysis

In some cases, construction details are missing filscipline-specific BIM models, which

means the existing BIM cannot be used to facilitaiestruction operations in the field, such
as in the case of roof sheathing installation. #ehs a sheathing design algorithm is required
in order to automate the sheathing layout desigreiggion. This algorithm is capable of

detailing the construction design for the subsetjuaste analysis. It should be noted that it
is crucial to follow trades know-how in laying sti@ag sheets on roofs to improve structural
integrity and to boost operational efficiency dgrinonstruction. For instance, sheathing
sheet seams should always be spliced on the trassler be staggered, while the sheet
orientation should be perpendicular to the trusgbsse rules are collected from the industry
partners, translated into computer-processable sgoaled encoded in the roof sheathing
design algorithm to ensure the generated layouigdeslternative complies with trades

know-how.

Figure 1 presents the flowchart of the roof sheathdesign algorithm. It begins with the
identification of the sheathing rows of one rooffage. For each sheet row, the algorithm
begins by identifying its start point; then one ethef the sheet of nominal size (e.d.x48

and 4 x 12) is placed perpendicular to the trusses at thetiiied start point. The rules of
nominal size selection are expressed as in Eq. Sthsequently, the end point of the
sheathing sheet is calculated. Next, this end psiohecked against the object-based rules to
ensure that formalized design rules, suclh.as sheet edge on stashd Stagger sheet edge
are satisfied. In case of any non-compliance, treathing sheet is cut shorter to adjust its
end point, and a new end point satisfying all desiges is re-calculated by the algorithm.
This end point then serves as a new start powhath to place the next sheathing sheet. The
processes for one roof surface do not terminatéalhsheathing rows have been placed. The

same process will be applied to all other roof auef in the given BIM, and the design

11
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algorithm does not terminate until sheathing shbatse been placed on all roof surfaces in
the BIM. Once all sheathing sheets of rectanguiaps are placed on the roof, the interaction
of sheet edges with roof edges is captured forpilmpose of refining the shapes of the
designed sheets (as shown in Figure 2). Figureofvshwo examples of sheathing layout

designs for trapezoid and irregular roof surfadé® upper section of Figure 2 represents the
initial sheathing layouts with rectangular sheetsile the lower panes in the figure show the
final sheathing layouts for the given two exampl€ee waste for each of the generated
layout designs is then determined using the hybptimization algorithm described in the

following section.

L = {12, (L, mod 12 < 0.01) or (8 < L, < 12) Eq. (1)

8, others

whereL,, represents the length of selected nominal gizelenotes the length of sheathing

row.

12
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Figure 1 Roof sheathing layout design algorithm
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3.2 Sheathing Cutting Waste Analysis

The dual objective of this research is to autontateroof sheathing layout design while
minimizing material cutting waste for light-framelildings under construction constraints.
The design algorithm in the previous section tatkes building information from BIM to
generate a sheathing layout design. By doing toisstruction design details are determined
in an automated fashion, while the quantity of gesd sheathing sheets can be extracted for
the material cutting analysis. In this research,dhtting of roof sheathing sheets is addressed
as a two-dimensional (2D) irregular shape cuttinginoization problem to minimize
construction material waste for the generated lagesign. The rationale arises from the fact
that some designed sheathing sheets are in irreghlpes due to the complexity of the
geometry of roof systems of residential housesk@asvn in the Figure 2). It should be noted
that the 2D irregular shape cutting optimizationlgpem is to assign a set of 2D irregular-
shaped items to a rectangular object in a pattgwhich we cut the rectangular object into
2D irregular-shaped items to minimize material wastraditionally, the width of the
rectangular object in 2D irregular shape cuttingirojzation is fixed, while Its length is
extendable and has to be minimize@8halaby & Kashkoush, 2013). In the case of roof
sheathing, the width and length of the raw shegtliheet are fixed because they are

available in rectangular shapes with certain dinmarss(e.g., 4X 8 and 4 X 12), while the

14
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number of sheets of nominal size is a variable thast be minimized to achieve the

maximum reduction in construction waste. The oljediunction is expressed as in Eq. (2):

0.F.= min(W) = min(¥L;(4; — X751 4 7)) Eqg. (2)
s.t. A; € {32,48} Eqg. (3)
0<A4;;<48 Eq. (4)
Ai — ;'ZlAi,j =0 Eq (5)

whereW denotes the material waste associated with theutagesign alternatived; denotes
the area of sheathing sheet stack is the number of stockgl; ; is the area of thg"
designed sheathing sheet cut from tHesheathing sheet stock, determined based on the
sheathing layout design; andis the number of sheathing sheets cut fromi'thsheathing

sheet stock.
3.2.1 Greedy and PSO-based Hybrid Optimization Adigm

Essentially, the 2D irregular shape cutting optetign problem is nondeterministic
polynomial (NP)-complete. There are two main apphea in solving this optimization
problem: (1) sequence-based approach and (2) @ipgecbach (Shalaby & Kashkoush, 2013).
The Greedy and PSO-based hybrid optimization dlyoris a sequence-based approach, and
is developed in this study to solve the sheathumtjrey optimization model. There are two
stages in this hybrid algorithm: (1) optimize thacking sequence of sheathing sheets by
means of PSO and (2) place/pack the sequencecsiteaheets, using a greedy algorithm-
based placement method, into sheathing sheet strckisis hybrid algorithm, the material
waste yielded by any packing sequence is evaluateke greedy algorithm-based placement
method and further minimized by attempting varipagking sequence from PSO along a

number of iterations. The greedy algorithm is usetthe sequence-based approach due to the

15
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fact that it can provide an optimized solution itirmely manner (Esparza, 2003). However,
the resulting solution may not represent the tridjobal optimum” due to the non-
deterministic polynomial-time (NP-hard) nature bfst cutting-stock optimization and the
limitation of the employed greedy search algoritfeny., search heuristics are embedded). To
further minimize material waste and improve theiroation results generated by the
algorithm itself, greedy algorithm is integratedttwa particle swarm optimization (PSO)
algorithm, which is intended to gradually reduce thaterial waste in each iteration during
the evolution. The PSO is selected as it is supési@ther evolutionary algorithms, such as
genetic algorithm, in converging speed, especidtly large scale, complex system
optimization (Lu et al., 2006). The material waste each iteration is minimized and
calculated by means of a greedy algorithm-basedtgsiacement algorithm, while the PSO
algorithm, although it does not guarantee an optsuhution, is capable of moving toward a
better solution based on swarm intelligence. Thawnary process of material waste, as
described in Section 5.1, demonstrates the sutiabild necessity of the hybrid algorithm to
address the NP-hard nature of cutting-stock opatron. In the interest of brevity, the
particle representation of PSO and integration betwgreedy and PSO algorithm are
demonstrated in this paper, whereas detailed eaptars of the PSO algorithms can be

found in previous studies (Eberhart & Kennedy, 1995

To achieve the greedy-PSO integration, the pridodiged particle representation of PSO is
employed in the present research. Originally, tepgesentation was proposed by Zhang et al.
(2006) to tackle a resource-constrained projecedelng problem (RCPSP). In RCPSP, the
PSO algorithm with priority-based particle reprédaéinon seeks the optimum solution by
identifying a combination of priority values thateaassigned to construction activities and
prioritizing activities for limited resources. Amgously, in the 2D irregular shape cutting

optimization, the PSO algorithm with priority-basedrticle representation (as shown in
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Figure 3) is employed to prioritize the packingsbkets (i.e., determining packing sequences),
instead of construction activities, to generate best packing pattern that leads to the

minimized material waste.

Designed SheetID 1 2 3 4 5 6
Position Vector] 0.64| 2.68|] 5.85 4.09 0.8¢ 4.918
Actual Packing Priority 1 3 6 4 2 5

Figure 3 Priority-based patrticle representatioR8$0

In the greedy-PSO integration, the PSO algorithed$ethe greedy algorithm-based sheet
placement model with packing priority of sheete.(iposition vector) throughout iterative
processes. The sheet placement model, servingedslifective function calculator”, in turn
calculates the fitness value (material waste) fer BSO model. Figure 4 illustrates the
interaction of these two algorithms in detail. Teglm with, the PSO initializes the patrticles'
positions (priorities of all sheets) through randeampling; so for a given particle, the
priority information of designed sheathing sheatseént to the sheet placement model by
attaching it to the designed sheathing sheetsiisusies. Designed sheathing sheets assigned
with priorities are then packed into the sheattshgets of nominal size in descending order
of priority number in the sheet placement modelllovong execution of the placement
model, the fitness value (material waste) of eaahige is obtained from the placement
model, and then sent back to the PSO. The PSCefudkntifies the global best position of
all particles and the local best position for egdlrticle in the current iteration. Afterward,
each particle in the PSO updates its current statdiding velocity and position (i.e.,
packing priority of sheets), based on the global lacal best positions of particles. The next
iteration is then started, and new positions ofiglas are evaluated in the placement model.

The iteration processes do not stop until the P8&ches its termination criteria, i.e.,
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completing the specified number of iterations.

Priority-based
PSO Algorithm
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v
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t
) |
each particle | |

Figure 4 Integration of greedy-PSO optimization

3.2.1.1 Greedy Algorithm-based sheet placement algorithm

Greedy best algorithm is employed to pack and geahe sequenced sheathing sheets of
designed size (i.e., demands) into the sheetsrafnad size (i.e., bins)t is worthy noted that
2D irregular shape cutting of sheathing sheetsediffrom the traditional 2D irregular shape
cutting in the cutting directian Sheathing sheets, such as oriented strand beaed,
orthotropic plates, so that a sheet is usuallyaoak placed with its axis (i.e., length direction)
perpendicular to the trusses. The greedy algoritsed placement method is designed to
tackle this situation. The flowchart of the greealgorithm-based placement method is
presented in Figure 5. It begins with the creatbthe number of bins (i.e., sheathing sheets
of nominal size). Then, the demands (i.e., shegthireets of designed size) are sorted from
largest to smallest in term of packing priority geated by PSO algorithm. Following this,
the bins are sorted according to the available &mra least to most. Afterward, for each

demand, its area is compared with the bin areaoofimal size (e.g.,’4X 12). This is done
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to exclude the demand that does not need any gutfithe demand area is equal to or close
to the bin area with the cutting tolerance (1)8 this demand can be generated from the

nominal size sheet without cutting and is assigiwethe nominal size sheet. Otherwise, its
area of the demand is checked against the avadabdeof bins; if its area is greater than the
available area; this algorithm then takes the baxtwith larger available area in the sorted
list of bins and compares demand area with itslavia area for the potential packing. This
checking process does not terminate until themh ¢an be used to cut this demand is found.
Once the bin for its cutting is determined, theifpms of the demand sheet in its bin is further

determined and refined in the following steps.
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same number of bins as demands

v

Sort demands by packing priority from largest to smallest

Sort bins from most used area to least

¥

Take one demand

Are all demands are packed?

Y

Remove this demand from demand List

Calculate waste ratio

Isits area equal to
nominal area?

F

Take next available bin

Add best demand location
to demand list of thisbin

Binavailable arsa >=
Demand sheet area?

I} Ldentify packing bin

Dioes this demand find its best locafion

T‘i" s

and rotated 180 degree?

Move this demand i ——————

Does demand overaps any of
the demand sheets that were
already placed in the bin?

Get bounding area of all demands in the bin

v

Get the total length of the demand
edges touching the bin edges

to
Yes

current touching edge length largest?

equal to smallest boundingarea?

Is current area equal
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»

Set best location,

area, and touching edge
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Figure 5 Flowchart of greedy algorithm-based spéstement method
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Firstly, the orientations of demand are identiftedensure that the axis of demand is along
with the axis of bins. Two orientations with 180gdees between each other are determined.
Then, one of these two orientations are used fostantial placement. The movement of the
oriented demand is triggered in four directiondudmng, left to right, bottom to top, right to
left, and top to bottom, sequentially. The walkpegh for the movement is shown in Figure 6.
After each movement of one inch, the demand’s newsitipn is checked by
ChecklIfFitsAndBestByArefor being a best position. Specifically, the edgétshe demand
are checked to determine whether or not they aeeacting with any existing demands in the
current bin. This is done in order to exclude thertap relationship between this demand and
existing demands in the bin. If no, the total léngt the demand edges touching the edges of
packed demands, along with the bounding area gfaalked demands, are then calculated to
determine whether or not it reaches its best msiti the bin. In other wordgs best position

is determined whether or not the bounding areaawfkpd demands is reaching the bin area
and the total length of the edges of current dentandhing the edges of existing demands in
the bin is reaching the maximumhe movement of demand sheet does not termimdtleitu
reaches best position criteria. Once the orientadanhd finds its best position in the bin, the
same process for the movement is triggered withd#maand being rotated 180 degrees (i.e.,
the second orientation), resulting in its seconsk-ip@sition. Two potential best positions of
this demand in two orientations are then comparetithe position with smaller bounding
area and longer length of touching edges is thiatteel as the final position of this demand
in its bin. By doing so, the position of the demasdinalized in the bin. After packing the
demand into its bin, the next iteration is thegdared for the next demand. The same process
will be applied to all other demands, and the plaeet algorithm does not terminate until
demands have been packed into the bins. Finally, ntlaterial waste for the sequenced
demands is then calculated as the fithess valuether PSO algorithm by this greedy

algorithm-based sheet placement algorithm.
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Figure 6 Walking path of demanded sheet into bin

4  Prototype System Development

To implement the abovementioned approach, an awéohdesign and planning system is
developed as a standalone application. Its grapgec interface (GUI) is shown as Figure 7.
The GUI allows for the 2D visualization of roof @yt, sheathing layout design, and cutting
plan. BIM models of the roof system in this stueed to be developed in SketchUp software.
This is because SketchUp is used by our industrin@afor roof design and modeling. To
take the BIM data from SketchUp into the standalapplication, a SketchUp add-on was
developed through its application programming iiaieg (API1). The add-on is able to retrieve
the roof information in the form of a text file (@hown in Figure 8) as inputs for the
standalone application. Basically, the roof infotima such as coordinates of roof surface and
trusses is exchanged between SkethUp and the ypetsistem. It is important to note that
the proposed approach is not limited to the Skepchpldtform and can be easily shifted from
a vendor related SketchUp-based application torgitsgforms, such as a fully standardized

IFC-based BIM application by means of replacingt&kép add-on.
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Figure 7 GUI of the prototype system
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Figure 8 Sample data extracted from 3D BIM model

The sheathing layout design algorithm and hybritinmgation algorithm integrating greedy
and PSO algorithms are encoded into the prototystesi. To ensure the global optimal
search and convergence of the PSO algorithm, ranpeters are set in the consideration of

previous research (Lu et al.,, 2008; Zhang et aD0Q62 Specifically, the value of
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cognitive/local weight is set as 1; the value afialdglobal weight takes 2; the value of wis
0.9 initially, and then it linearly decreases td @t the maximum number of iterations; and

swarm size is 30.

5 CaseStudies

Two typical wood-framed single-family houses aréesied as case studies for testing the
developed prototype system. In these two caseestudne is an attached garage single family
home with hip roof (roof with attached garage); ttker is a detached garage single family
home with hip roof (roof with detached garage).Botodels also had a veranda roof on the
main level. The BIM models of the framed truss soafe shown in Figure 9. On average, the
prefabricated production facility of our industrgrmers (see Figure 10.a) can produce around
40 single family roofs (with an average square dgetof 1650) in a month. Note that, the
regular steps required to build a stick framedsrieof are as follows: (1) get engineering
design for the truss package; (2) estimate the hoober package and sheathing material
based on roof square feet information provided H®y foof truss supplier; (3) receive roof
truss, sheathing and lumber to the site; and (44l bne roof on site. The process to build a
prefabricated truss roof at our industry partneras follows: (1) get roof truss design from
the truss supplier; (2) receive roof truss at tlaat (3) build the panel roof in the plant; and
(4) transport the roof panels to the site and ihddarring prefabrication, a quantity estimation
of roof sheathing is not necessary as roof paneldailt in the plant where sheathing and
lumber are stock items and purchased regularly dmtain the inventory. In the case study
implementation, an accurate quantity of sheetshefthing is calculated by the prototype
system and material consumption is monitored. Bsestudies, the truss supplier provides a
3D DWG file which is used as the input to prepde aptimal cut list of the sheathing sheets.
This process was done in multiple steps: (1) impwt3D DWG file into Sketchup program,;

(2) create a .txt file out of SketchUp containiigtiae geometric information; and (3) import
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470 the text file into the prototype system to calceltite required number of sheets and cut list

471 layout.

a. roof with attached garage b. roof with detaaljthge

472 Figure 9 3D BIM model of the roof system

a. Prefabricated production facility bPanalized roof sytem

473  Figure 10 Prefabricated production facility andfregstemgimage by Mohammed Sadiq Altaf]

474 51  Results

475 The prototype system generated roof sheathing tagesign and the cutting plan (shown in
476 Figure 11 to Figure 13) in an automated manner. [&heut design results were verified by
477 the industrial partner, revealing that the generateeathing design preserves the design rules
478 used in the field. It should be noted that the gateel sheathing layouts of some roof surfaces

479 (e.g., Panel 1-3 as shown in Figure 12 and FigBjeslnot stagger due to the fact that roofs
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system is panelized into roof panels with certdaimes such as 12 in consideration of
transportation (see Figure 10.b). The outputseénfoinm of 2D drawings (shown in Figure 11)
significantly enhance the communication among thejept participants. Based on this

information, construction practitioners can mangégjel operations.

.JobNumber: . ACQBUILT

| Date: 11/2/2018
Unit:

144,00

99.00 268 4238
45,07 2365

42.13

4800 (3) 48,00

64.40 72.00 ®

2435
9.15
42.93 240 1.67 76.75 0.ps

144,00

Figure 11 Outputs of the prototype system: exaraphaaterial cutting drawings

The material waste pertaining to the sheathinglilaion generated by the prototype system
is reduced to 12.1% and 12.91% for the two cassperctively. Additionally, Figure 12 and
Figure 13 show the evolutionary process of thererfSO swarm in experiments. In the
figures, thex-axis represents the iteration index, while yh&xis denotes the material waste
percentage. As noted in the figures, the matersatevfor the roof with attached garage in the
experiment gradually approaches 12.1% over 100nagHikion iterations through the greedy-
PSO integration. For the roof with detached gartgematerial waste evolves to 12.91%. By
implementing the cutting plan from the prototypesteyn, the actual material waste for the
case studies reached these expected ratios irettielf should be noted that, at present, there
is no machine available for use by our industrytr@arto cut angled sheets, so all the roof
sheathing sheets are cut manually by a worker poidhe installation for the case studies.
One worker pre-cut all the sheathing sheets basethe cutting plan generated by the
prototype system. It should be noted that, in ibtgugommon practice of sheathing
installation, roof sheathing sheets are cut a®ti$ gttached to the trusses due to the lack of
proactive design and planning technology. For thege specific types of roofs, the
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500  benchmarked material waste in the industry panreey found to average 20.09% and 20.73%,
501 respectively. In comparing the waste results whtbse data, material waste is found to be
502 below the company’s historical levels. It revedie tprototype system reduces sheathing

503 material waste through automating the roof shegttesign and planning processes.

Panel I panei2 Panel3

24
mE < - . Number of Sheets: 67
| D= Number of Bins: 39
— AT - Number of Sheets in 4x8 Bins: 17
VA s - - Number of Sheets in 4x12 Bins: 22
z x Average Number of Sheets per Bin: 1.718

Total Bin Area Used: 202520.25
Total Wasted Area: 27879.75 (6 Bins)
Percentage of Area Used: 87.9%

TN S
BERSHERESERt e

Sheathing Layout Design (Installation Design)

Cutting Plan of Raw Sheathing Sheets

-1 8 3 58 9 9%

Greedy & PSO Algorithm: Evolutionary process

504 Figure 12 Outputs of the prototype system: Roohwitached garage (Model 1)
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Greedy & PSO Algorithm: Evolutionary process
Figure 13 Outputs of the prototype system: Rodlhdetached garage (Model 2)

52 Discussion

The proposed approach allows for construction pracers to proactively approach
construction design and planning in terms of rdwdfaghing installation, with the objective of
waste minimization. Nevertheless, the use of tlisité construction method is recommended
in order to realize the benefits of the proposelldBbhsed approach. This is owing to the fact
that the “perfect” installation plan demands adwahconstruction technologies such as those
employed in off-site construction, which offer hegh efficiency and accuracy in
implementing the installation plan in practice. dther words, BIM provides a virtual and
computational environment in which for constructigmactitioners to evaluate various
construction plans prior to construction, while -siie construction allows construction

practitioners to carry out actual construction\atéis in a standardized and efficient manner
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within a user-friendly and tightly controlled facyoenvironment. The dual application of
BIM and off-site construction maximizes the berseeff each in terms of increased
sustainability in the form of construction wastaluetion. In the case studies, all roof
sheathing sheets are cut manually by a worker poidhe installation. Manual cutting took
more time compared to the install-and-cut approaspgcially for a simple gable to gable
roof where there are a few angle sheets. An autahsieet cutting machine or construction
robot is required to get the full benefits of thivVBoased optimization and proactive design
and planning. In this regard, how to integrate gheposed approach with construction robot
will be investigated in the future. The proposegrapch offered the opportunity of pre-
cutting roof sheathing material in order to leveraganufacturing processes, rather than
merely building the product in a conventional manibet under a roof. Meanwhile, it also
lays the groundwork for lean inventory managementhiov the domain of off-site
construction research for light-frame residentialldings, and provides the foundation on
which advanced technologies, such as BIM, desigordhms, and off-site construction
methods, can be jointly used to minimize materiast® and achieve more sustainable

construction.

It is also worth noting that the proposed approadthough it can reduce material waste,
cannot completely eliminate the waste. The reagansally lie in the fact that the selection
of parameters described in “Prototype System Deweént” ensures the convergence of the
PSO algorithm, but at the same time may lead thdiso toward a local optimum to the NP-
complete 2D irregular shape cutting optimizatioalpem. Therefore, the minimized solution
of case studies may not be the global optimumutaré work, other optimization algorithms
could be further explored for such irregular shapgting-stock optimization problem.
Additionally, the raw sheathing material is avaidalin certain sizes so that the material
cutting and waste are unavoidable. Moreover, tHame of construction waste is influenced

by field trades know-how in the light-frame buildimdustry. It is because field trades know-
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how intends to make the size of designed sheashegts close to nominal size, resulting in
substantial material trim waste. The authors mausher experiment in which the layout
design algorithm use’ &« 12 sheets in designing layouts, instead of the ralggessed in
equation (1). The test results showed the matesmate on average is 5% more compared to
the case where the design layout is generated img dsrmalized rules in this study. In
summary, the prototype system was able to redwecedhstruction material waste in terms of
roof sheathing material and provided an analytaggiroach for construction practitioners to

proactively plan the roof sheathing installation.

6 Conclusions

Given that improved sustainability in constructisrthe underlying aim, this study introduces
a BIM-based approach for construction waste minatnan, in particular for roof sheathing

material in the light-frame building manufacturimglustry. This BIM-based approach allows
for proactive design of roof sheathing layout atahping of material cutting. In this research,
a design algorithm is developed to formulate thef slheathing layout design in accordance
with trades know-how, while a hybrid algorithm igtating greedy and PSO algorithms was
applied to solve the 2D irregular shape sheathutgng problem and to deliver the material
cutting plan with minimized material waste. An autied design and planning prototype
system is developed and tested using typical woaakdd residential building projects. The
field test results show that the sheathing desigu iastallation plan generated from the
prototype system ensure design constructabilityem@ducing material waste. The prototype
system has been proven to allow project manageesfféatively plan field operations by

eliminating the guesswork in roof sheathing instabin.

The key contribution of this research is the rudesdad roof sheathing design algorithm and
hybrid optimization algorithm, which are capableinforporating trades know-how in the

automated development of roof sheathing layoutrdofs while minimizing material cutting
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waste. Additionally, the proposed BIM-based apphosiced light on computational BIM for
engineering applications, which requires two praigites: ‘information readiness’ and
‘computational algorithms’ (Lu et al., 2017). Indlstudy, ‘information readiness’ of the BIM
is achieved by the sheathing design algorithm, evhihe ‘computational algorithm’
manipulates the information and extends the BIMhwibnstruction business intelligence (i.e.,

material installation plan generation).

In the research presented herein, design rulesoai sheathing are comprehensively
formalized based on trades know-how and are encodedule-based design algorithms to
preserve this trades know-how in the developmeshefthing layout design. In the case that
different design codes and construction rules aplied, the sheathing layout design
algorithm should be modified to adapt the proposedhod and prototyped system to other
buildings where different design rules may applyile/ construction practitioners can still
rely on the greedy and PSO-based hybrid optiminaatgorithm to plan the sheathing
material cutting. In the case of other types oflding projects (other than light-frame
building), both of sheathing layout design algaritnd hybrid optimization algorithm need
to be modified accordingly to adapt the proposedhot and prototyped system to other

types of building projects.
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Figure 10 Prefabricated production facility andfregstemgimage by Mohammed Sadiq Altaf]
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Highlights
> Experience-based roof sheathing installation results in considerable material waste.
> BIM is used to automate layout design and waste analysis for sheathing installation.
> A rule-based design algorithm is developed for generating the sheathing layouts.
> Greedy and PSO-based hybrid algorithm is developed for material cut planning.

> The prototyped system is proven to reduce material waste for sustainable construction.



