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Since the concept of building information modeling (BIM) was introduced in South Korea in 2008, digital fabrication concerning
free-form shapes and complex parametric information has been expanding owing to the development of BIM software and tools.
However, the digital fabrication process is inadequate in terms of efficiency and productivity because of the need to convert from
conventional two-dimensional (2D) drawings to a BIM design; this adversely affects the unified design, fabrication, installation,
and inspection processes. Moreover, an optimized process has not been developed thus far because the productivity of digital
fabrication has not been quantitatively verified for various projects in the field. This study proposes a BIM-based digital fabrication
process for prefabricated parts of buildings. In addition, a productivity analysis method based on the queuing model is proposed
using personnel input and performance calculation data to verify productivity. It is expected that the digital fabrication process

and productivity analysis model proposed here will be applied to complex digital fabrication works.

1. Introduction

The main trend of the construction industry in the 21Ist
century is the creation of different spaces to improve the
quality of human life and in forms that were previously
unavailable to meet various user needs [1]. These needs have
increasingly decided that the buildings be massive and the
shapes be more complex; thus, the design of free-form and
complex elements, manufacture of building components, and
construction technology at the site must be supported to meet
these needs [2]. Existing architectural techniques and para-
digms are mostly available only in fragments, such as the
optimal design technology for complex structures, techniques
for fabrication of components, and precise installation
technology. Therefore, the cost and time requirements for
design, fabrication, and construction of complex types of
structures will increase, eventually leading to construction

errors and deterioration of building quality [3]. However,
since the BIM concept was introduced in Korea in 2008,
efforts have been made to overcome the problem of pro-
ductivity degradation in the life cycles of construction projects
[4].

Building information modeling (BIM) technology has
been rapidly replacing conventional construction models,
such as two-dimensional computer-aided design (2D CAD),
paper documents, and Excel chart-based schedules, by
improving the technical level of construction automation,
introducing BIM-based innovations, and application of
integrated project delivery (IPD) method in several coun-
tries. Digital fabrication is one such technology developed
through the application of BIM and virtual design and
construction (VDC) methods in the construction industry.
Through BIM-based digital fabrication, designers, builders,
and manufacturers of construction materials can perform
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detailed design and examination of the products to be
fabricated as digital objects [5, 6].

BIM can integrate design, manufacturing, and con-
struction processes to increase the level of transparency and
interoperability among partners in construction projects
that use prefabricated components [7]. Based on this ad-
vantage, BIM-based digital fabrication technology simplifies
the procurement process in construction and improves the
productivity of the workflow between designers, builders,
and those involved in the manufacturing of construction
components [8]. Moreover, from a fabrication productivity
perspective, construction member manufacturers can utilize
the data input from BIM objects to assist the fabrication
process, and these are parametric data that are not provided
by conventional 2D-based fabrication methods [8]. Auto-
matic member shape recognition and fabrication are pos-
sible by inputting parametric BIM fabrication data into the
member production process of the computerized numerical
control (CNC) machine.

Despite this advantage, the digital fabrication process
remains very inefficient in South Korea. In particular, al-
though the level of digital fabrication requirement is very
high for free-form buildings because each material has its
own free-form shape, development of the elementary
technologies required for actual fabrication and construc-
tion has been slow. Owing to these technical limitations,
optimized processes or management methodologies for the
life cycle management of free-form construction members,
including design, fabrication, installation, and construction,
are not sufficient, despite the rising demand for free-form
buildings in South Korea. This affects the cost, construction
period, and quality of projects.

Therefore, this study aimed to establish the life cycle
process, including design, fabrication, and construction, of
free-form structural members that are components of free-
form buildings. Moreover, the proposed digital fabrication
process for free-form construction members was imple-
mented in an actual building based on a case study, which
allowed for technical verification and productivity evalua-
tion, as well as verification of the productivity of the
implemented process.

2. Literature Review

2.1. Prefabrication of Construction Project. The pre-
fabrication method in the construction industry is a way to
reduce the overall project schedule since the processes at
the factory and the on-site fields are carried out simulta-
neously. This advantage can be obtained by simultaneously
running a large number of processes on-site and at the
factory, compared to the on-site process, in which all tasks
are performed in order [9]. This enables the contractor to
actively utilize the prefabrication method for projects with
an extremely short site schedule and complicated processes
[9]. Prefabrication also helps to reduce costs by preventing
the waste of materials due to poor field processing and
through the repeated training of workers [10, 11]. In ad-
dition, previous studies found that the use of prefabrication
methodologies improved the quality of construction.
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Digital applications and IT technologies can significantly
improve the quality of construction by accurately reflecting
the initial design and entering this design in the fabrication
equipment [12-15]. In addition, prefabrication has the
effect of reducing the wastage of resources by reducing the
warehousing space, improving material quality, and opti-
mizing the supply chain [7].

2.2. Digital Fabrication. Digital fabrication refers to a
methodology that systematically manages all processes,
such as generation, design, material processing, and
construction of a structure that is intended to be produced
by utilizing digital tools [16]. Digital fabrication tech-
nology is primarily used in specific projects, such as free-
form buildings. In such projects, fabrication processes
that exceed the conventional construction production
methods are created through design goals and technical
innovations [17]. The digital fabrication process of a
construction project is generally classified as additional
fabrication, and it is based on computer-based design
methods and robotic-based production processes [18]. In
particular, for the construction of free-form parts, various
members are processed and assembled through additional
fabrication processes that utilize industrial robots [19].
Owing to the recent development of digital technolo-
gies and the introduction of computer-based fabrica-
tion, buildings with very complex designs can also be
realized [20].

2.3. Implementation Cases and Benefits of BIM-Based Digital
Fabrication. A representative case of the use of digital
technology for implementing digital fabrication is BIM.
However, the application of BIM is determined by the
characteristics of the project and can be limited to simple
conversions of 2D CAD into a three-dimensional (3D)
model or it can be more complex as in an ideal case in which
design, fabrication, and construction are integrated and
maintenance is considered [21]. Won et al. [22] conducted a
case study on a collaborative organization and information
management method based on a free-form project. Frank
Gehry first applied CATIA, a design software program
primarily used for the design of airplanes or automobiles, to
construction in the Fish project (1991-1992) and aggressively
utilized it for the 3D representation of curved shapes and the
production process of construction members. Moreover,
from the perspective of project information management,
assembling one integrated team with designers and con-
structors for the 3D model constructed through CATIA
improved the completeness of the design and contributed to
the manufacturing of components and on-site construction.
In particular, in the Bilbao Guggenheim Museum project
(1991-1997), approximately 50,000 2D drawings were au-
tomatically created using a 3D model and were provided to
the project participants.

Jang and Lee [23] analyzed the effect of applying mul-
titrade prefabrication, in which multitrade mechanical,
electrical, and plumbing (MEP) elements were preassembled
in a factory, for construction instead of using the existing
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prefabrication method applied to a single process, and they
also analyzed the technical requirements for this. Skanska
USA reported that productivity increased by approximately
300%, and the construction period was reduced by eight weeks
in the Miami Valley hospital project by applying multitrade
prefabrication to the corridor rack and bathroom pods [24].
Mortenson [25] reported that the total construction period
was reduced by approximately 15%, but the construction cost
increased by approximately 6% through the application of
multitrade prefabrication in the Saint Joseph Heritage project.

2.4. Limitations of Existing Research on Digital Fabrication.
Despite the abovementioned advantages of digital fabrica-
tion, few studies on productivity factors, such as reduction of
schedules, quality, and resource reduction during the
manufacturing and construction stages, have been con-
ducted. This is because the definition or efficiency of the
digital fabrication life cycle process has never been verified,
despite interest in implementing building element tech-
nology using digital fabrication [26]. In addition, the lim-
itations of contracts, participants, organizations, and
technologies hinder the unification and utilization of BIM
data in digital fabrication, and as a result, the efficiency of
BIM utilization is extremely low [27]. This is essentially
owing to the absence of a methodology and technical lim-
itations for managing processes based on BIM data
throughout the fabrication life cycle [28].

2.5. Research on the Productivity of Digital Fabrication.
Numerous studies have been conducted to measure the
benefits of the BIM-based digital fabrication work process
mentioned in Section 2.2, i.e., cost, construction period, and
quality.

Jang and Lee [29] conducted a case study on the mul-
titrade corridor rack prefabrication case project. They
proposed a prefabrication process for the corridor MEP rack
and analyzed its effectiveness using details of the process,
productivity, and economic efficiency. de Soto et al. [30]
proposed a new methodology for the automatic production
of complex concrete walls in the field. They found that the
process of the wall work changed when a concrete pouring
robot was used and verified the effects of the CYCLONE
discrete event simulation system on the cost and time to
validate the process. Fazel and Izadi [31] proposed a work
methodology for a free-form modular surface using a head-
mounted display visualizing an augmented reality for ac-
curacy and construction period reduction of masonry work
and verified the quality of the augmented-reality-based
HMD methodology based on the visualized augmented
reality coordinates and the coordinates of the actual ma-
sonry. Hamid et al. [8] proposed a CNC machine utilization
methodology using a BIM-based digital fabrication model
for woodwork. In particular, they proposed a CNC utili-
zation methodology using a three-step cycle including
process-level knowledge, component-level knowledge, and
object development and validated the methodology through
component fabrication. Knippers [32] redefined the role of
the architect and proposed a new process for digital

fabrication and analyzed a case that reflected these pro-
posals. Li et al. [33] proposed a prefabrication production
process for housing (RBL-PHP) using the RFID, BIM, and
Lean methods and performed a simulation composed of
steps, such as the prefabricated production of the structure,
constraint identification, standardized work, and RBIMP, to
verify the proposed process. Nahangi and Haas [34] pro-
posed a three-step model (preprocessing, registration, and
condition assessment) for 3D quality examination to per-
form quality and compliance verifications in the pre-
fabrication phase of building piping. Wang et al. [35]
classified the BIM-based framework for a unified process of
the design-construction phases for the MEP system layout
into the design, fabrication, and construction phases. Said
[36] proposed a prefabrication applicability review model of
electrical work.

The previous studies did not present a process for the
entire life cycle, including basic design, shop design, pre-
fabrication, and installation. The effects of the methods
proposed in these studies were verified through case analysis,
statistical analysis, and simulations.

2.6. Queuing Model. The queuing theory has been used in
different research areas. Queuing systems are expressed
using several types of queuing models [37]. Customers arrive
at a queuing system individually and randomly to receive
services. If a customer cannot receive services immediately
upon arrival, the customer waits in a queue. Normally, one
or more servers provide services. Each customer receives
services from one of the servers and leaves the system. The
queuing theory can be utilized to efficiently analyze the
workflow, which is a network of various activities [38]. In the
queuing system, the times between the arrivals of customers
are referred to as the interarrival times. When sufficient data
on the arrival of customers are collected, the average number
of arriving customers per unit time can be estimated. Unlike
conventional performance measurement tools, the perfor-
mance and effectiveness measurement method based on the
queuing model can measure the work of service providers at
the request of customers based on time and manpower. It is,
therefore, possible to measure practical work productivity.
Ham and Kim [39] analyzed the performance of BIM
personnel who stayed on the construction site for the
construction phase of a BIM application project. They fo-
cused on the requests for information (RFIs) of the project
participants considering the characteristics of the queuing
model. Kim et al. [40] found that costs may occur owing to
the waiting times of the project participants depending on
the performance of the BIM personnel.

Many studies have indicated that the queuing model is
an optimized tool for analyzing the performance of a
construction process and output. Queue performance
measures, such as waiting time and queue length, are some
of the most important simulation outputs in construction
management for analyzing the balance between different
resources [41]. Furthermore, queue performance measures
can make the estimation of important outputs of the con-
struction performance simulation reliable as they use



appropriate quantitative modeling of activity duration and
input resources [41]. Queue performance measures, such as
average queue length and waiting time, are important for
finding bottlenecks and optimizing the amount of resources
for construction projects [42]. The digital fabrication process
is nonquantitative, and it deals with different types of factors,
and thus, performance simulation using the queuing model
is an optimized methodology for investigating the pro-
ductivity and efficiency of processes [30].

3. Research Methodology

3.1. Research Approach: Exploratory Case Study. In this
study, a digital fabrication process formulated through case
analyses and an evaluation method based on the queuing
model that is capable of analyzing the construction process is
proposed. According to Gerring [43], case analysis is “an
intensive study of a single unit for the purpose of un-
derstanding a larger class of (similar) units.” From a general
perspective, case analysis is typically a research methodology
that enables empirical and plentiful explanations and
analysis of one phenomenon occurring in a specific case
based on the diversity of data sources [44]. Therefore, a law,
as a theoretical proposition and logical configuration, can be
defined through the evidence derived from a case, and the
methodology can be used for quantitative and qualitative
evidence collection [45, 46].

This paper comprises a literature review, proposal of
digital fabrication process for a free-form podium, case
analysis, and productivity analysis for the proposed digital
fabrication process, as shown in Figure 1.

3.2. Implemented Case: S Tower at South Korea. S Tower is
located in Seoul, South Korea. It is a very tall building with
123 floors and a height of 555m. It was designed by K&B
Architects and constructed by L E&C. L CM company
performed the CM. Digital fabrication was applied to the
podium region (approximately 8,200 m®) of the S Tower.

A CNC T-BAR shape control system was selected for the
precise shape control of the podium region with a free form.
The CNC T-BAR shape control system applied the member
concept of a section shape, which is used for producing the
curved structures of airplanes and ships, to construction
projects [47]. This system precisely controls all the co-
ordinate points of a curved surface with vertical and hori-
zontal variable thickness attributes. After developing the
cross section formed by cutting a free-form curved surface
into a curved shape, the system processes a steel plate with
CNC equipment (e.g., laser, router, and plasma). The system
performs the mass production (or fabrication) of the flange,
web, and connecting members of vertical and horizontal
T-bars with various curvatures.

4. Digital Fabrication Process for
Free-Form Podium

4.1. Digital Fabrication Process Proposal. The case analyzed
in this study was the free-form paneling and subwork
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installed in the podium region of the S Tower. The process
for performing digital fabrication was developed in the
planning phase.

During on-site construction, the traditional construc-
tion method, prefabrication is not performed, and direct
on-site installation is performed. This causes many prob-
lems, such as quality degradation, cost increase, weather and
ambient air impacts, and inconvenient work site conditions
caused by construction period delays and quantity in-
creases. As such problems largely occur with free forms,
complex shapes, and multitrade objects, design or con-
struction is generally difficult. Prefabrication is considered
for these parts, and the digital fabrication method can be
applied to achieve the prefabrication of free-form or
complex structures. Therefore, while the conventional
construction method is a simpler design-construction
method, prefabrication is added to the construction pro-
cesses, including the manufacturing work.

The case studied herein was part of a free-form panel
fabrication. In particular, it involves significant difficulties,
such as the derivation of a design reflecting 100% of the
designer’s intention for the free-form panel with a secondary
curved surface; selection of an appropriate structural system
for supporting the design; derivation of drawings with nu-
merical data, such as accurate coordinates, from the design;
creation of shop documents for panel fabrication based on the
basic design; shop model creation and utilization for CNC
machine utilization; on-site construction consistent with the
drawings; precise quality control for fabrication and con-
struction; and measurement of the accuracy improvement.

To overcome the difficulties of digital fabrication, a BIM-
based model capable of implementing the accurate shape as
intended and an implementation process that utilizes the
unified data based on the BIM model must be used. In
particular, an optimized work plan that accounts for the
personnel and the construction period of each task involved
in the digital fabrication task during the project life cycle,
including design, fabrication, on-site delivery, and in-
stallation, is required. As shown in Figure 2, a digital fab-
rication process was developed to overcome various
difficulties expected in the case project.

4.2. Case Application of the Digital Fabrication Process

4.2.1. Step 1: Design of Free-Form Part Shape and Panels.
When a podium is designed in the design phase, a detailed
construction method is not typically considered. Therefore,
the design model as shown in Figure 3 does not include
specific information for construction.

However, in the construction phase, the constructability,
economic efficiency, and quality must be considered. Digital
fabrication for the podium region was performed for seven
months, including fabrication design, member fabrication,
and construction. In the fabrication design phase, the model
was optimized by dividing the exterior panel of the free-form
region into panels composed of curved surfaces in two
directions, flat panels and curved surface-plane connection
panels, as presented in Table 1.
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TaBLE 1: Panel optimization of upper and lower surfaces.
Category Upper surface Lower surface
Two-way irregular panels 1,867 m* 240 m*
Flat and irregular panels 465 m” 73m’
One-way irregular panels 2,555 m’ 1,688 m*
Optimization area (% of 2,332m* 313 m?

gross area) (approx. 48%) (approx. 16%)

This is the basic repetition procedure for a production
process used to construct a large number of panels and
maximize quality and productivity. Figure 4 shows the shape
optimization model of the podium region. This becomes the
reference surface of the final materials, such as the NT panels
and reveal. Moreover, through this reference surface, the
structural members and accessories for controlling the
shapes of the final materials are precisely fabricated.

4.2.2. Step 2: Design of the Structural System Controlling the
Panel Shape. The coordinates for the free-form curved
surface of the NT panel were controlled by the CNC T-BAR
shape control system. First, the secondary structure attached
to the primary structure was designed, as shown in Figure 5.
The primary structure was designed and engineered based
on the free-form curved surface shape from Step 1. This
history is utilized for producing fabrication drawings, and it
provides detailed processing information (e.g., bending and
bolt and nut positions) for factory fabrication. Moreover, to
remove the clashes between the structural system and MEP
materials, the BIM-based clash detection step was performed
using the Autodesk Navisworks manager, as shown in
Figure 6.

Based on the secondary structure, vertical and horizontal
CNC T-BAR shapes for controlling the free-form curved
surface shape of the NT panel were designed, as shown in
Figure 7. Moreover, the details of the CNC form plate for
controlling the position of the NT panel along with the reveal
and NT panel, which are finishing materials, were examined.
The NT panel, a finishing material, and the CNC form plate,
a structural member, were connected, and the details of the
adjustment bracket for precisely controlling the shape were
examined.

An integrated fabrication model with the construction
method and details for precisely controlling the free-form
curved surface shape was completed, as shown in Figure 8.

4.2.3. Step 3: Production of BIM-Based Fabrication Drawings.
The fabrication model for which the construction method
and details were examined was utilized to produce drawings
for factory fabrication. Table 2 lists the members fabricated
in factories for this case project. The total quantity of the
members was 29,654. When the adjustment brackets and
small members were included, 35,000 or more members
needed to be produced.

Digital fabrication companies provided fabrication
drawings and quality criteria (e.g., welding and bolt/nut
fastening methods) to the companies responsible for the
fabrication and construction of each member using the
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fabrication model. As the members were produced by dif-
ferent companies, the fabrication drawings for factory
fabrication, such as the planar figure, were transmitted
according to the classification of the member set unit
(e.g., the CNC T-BAR and reveal) as shown in Figure 9. The
detailed drawings for fabrication of the CNC T-BAR and
secondary steel structure were extracted from the fabrication
BIM model, as shown in Figure 10.

4.2.4. Step 4: Manufacturing Prefabrication Materials Using
Digital Information. When the subcontractors responsible
for the fabrication of each member received the fabrication
drawings, the members were produced through various
fabrication methods. In this process, automatic production
was performed using a CNC machine, and engineers pro-
duced the members in accordance with the fabrication
drawings and quality criteria. For example, for the production
of the CNC T-BAR, the planar figures of the main members,
such as the PLANGE (59A03VW) and WEB (59A03VF),
along with the unit member information for connecting these
two members (59A03V_U1, 59A03V_U2, and 59A03V_U3)
were required, as shown in Figure 11. Moreover, planar
figures of the PLANGE (59A03VW?2) and WEB (59A03VF2)
for the stiffener together with the unit member information
for connecting these two members (59A03VS1, 59A03VS2,
59A03VS3, 59A03VS4, and 59A03VS5) were also required.
Thus, various data, as shown in Figure 11, are required for
fabricating a single unit member, and the information re-
quired for quality control must also be calculated from the
integrated fabrication model created by professional con-
struction companies. In this process, the professional con-
struction companies provided various types of data required
for fabrication drawing production, quality control criteria
provisions, and material inspection criteria.

4.2.5. Step 5: Material Warehousing and Inspection. A
photograph of each member fabricated in the factories as
received is shown in Figure 12, and quality inspection was
performed by the product number and the coordinate in-
formation extracted from the fabrication model, as listed in
Table 3.

4.2.6. Step 6: Material Installation and Quality Control

(1) Simulation and 1:1 Mock-Up. In the construction phase,
a construction simulation was performed to improve the
workers” understanding of the entire process before con-
struction, as shown in Figure 13. Issues with quality and
constructability were examined in advance by performing a
partial 1:1 mock-up in the section with the highest con-
struction difficulty, as shown in Figure 14. After these issues
were solved, the production of several tens of thousands of
fabrication drawings began, and the CNC machine con-
figuration, member fabrication, and construction for
member production were performed.

(2) Installation. In the actual construction process, the
process in which fabrication drawings are produced from the
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FIGURE 5: (a) SSS model (green and red). (b) Section view.

integrated fabrication model, members are prefabricated in
factories, and construction is performed on the site as shown
in Figure 15. If fabrication and construction are performed
before the quality examination is completed, serious quality

defects may occur. This process is different from those used
in existing BIM application projects, in which design errors
during construction are examined by converting 2D design
drawings into 3D designs. For the precise implementation of
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F1Gure 6: Clash detection between the secondary steel structure and MEP system.
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FiGure 8: Fabrication model.

TaBLE 2: List of prefabricated components.

Part EA Length/area Duration (month) Daily output (EA)
Secondary structure 3,115 8,855.87 m 2 71.20
T-BAR 3,542 9,581.01 m 3 53.67

Form plate 3,435 9,640.41 m 3 52.05
Reveal 1,619 3,339.88 m 3 24.53

NT panel (10T) 17,943 8,181.49 m? (curved surface, plane, aperture) 4 203.80
Edge panel (1.6T) 80 250.13 m 0.5 7.27

the digital fabrication, errors must not occur in the pro-
duction processes, such as manufacturing.

(3) Quality Control of Installed Parts. The quality inspection
for the construction results of free-form surfaces was per-
formed using 3D laser scanning. The professional con-
struction companies managed the quality of installation by

examining the data extracted from the survey data and
integrated fabrication model.

5. Results

By analyzing the case in which the proposed digital fabri-
cation process was applied to a free-form podium
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FiGUure 10: Fabrication shop drawings of CNC T-BAR and secondary steel structure extracted from the fabrication BIM model.

construction project, the unification, simplification, and
automation levels of major tasks, such as automation design
technology, fabrication drawing production automation
technology, and construction quality control technology, were
found to be more satisfactory than those of cases which are
implemented through traditional BIM implementation
methods (establishing the BIM model by using 2D drawings).

5.1. Assessment of the Proposed Process
5.1.1. Condition Settings for the Evaluations

(1) Multiserver Queuing Model (M/M/s). A digital fabrication
company provides the contractor, subcontractor, and

construction project manager participating in the con-
struction with design and engineering models for fabri-
cation and quality inspection. Therefore, in the queuing
system, the company that provides the digital fabrication
service becomes the server, and the contractor, sub-
contractor, and construction project manager that receive
information from the server and participate in the con-
struction of free-form parts become the customers. There
are various queuing models depending on the probabilities
of the arrival times of customers and the service time of the
server. However, in this study, a multiserver queuing
model was utilized, as shown in Figure 16, under the
assumption that the digital fabrication company input
multiple servers.
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(i) Size: T-200X125X8T (SM490)
(i) Number: 3,542EA (9,587.01M)
(iii) Fabrication method: CNC laser cutting and robot laser welding

(iv) Fabrication period: 3 months (installation: 4 months)

(a)

Sk

(d)

FIGUure 12: Warehousing of SSSs, T-BARS, reveals, and NT panels.

In the multiserver queuing model, the frequency with
which the server, i.e., the digital fabrication company, re-
ceives a request for information on the construction of free-
form parts is random. Considering this randomness, the
time at which a customer arrives at the queue to receive the
service is generally assumed to be an exponential distri-
bution. In addition, the service time during which the

information request of the customer is dealt with by the
company is random, and the service time of the server is also
assumed to be an exponential distribution [37]. Moreover,
for most of the general BIM application construction pro-
jects, one BIM person stays on the site [40]. However, for the
digital fabrication of free-form parts, multiple personnel are
generally input because the input company can minimize
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TaBLE 3: Member list and information samples for quality inspection of CNC T-BAR.

Product 1. Start (top or left) End (bottom or right) Straight line (mm)
x1 yl z1 x1 yl z1
401IN1 20,917 15,879 17,754 19,537 18,911 17,382 3,352
401IN2 17,598 17,725 15,236 17,598 19,264 17,047 2,377
402HD 20,950 -9,629 17,763 20,950 -12,775 17,763 3,145
402IN1 17,661 19,386 17,179 19,445 18,998 17,367 1,836
410AV 26,382 12,636 19,235 26,382 12,636 16,300 2,935
410BR11 25,542 14,302 17,763 26,043 15,663 17,763 1,450
410BR11 25,542 14,302 17,763 26,043 15,663 17,763 1,450
410BR12 24,982 12,780 17,763 25,483 14,141 17,763 1,450

Secondary
steel structure

Reveal

CNC T-BAR

FIGURE 14: 1:1 mock-up.
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FIGUre 15: Site installation: (a) secondary steel structure; (b) CNC T-BAR; (c) NT panel; (d) finished status.

Service completion x Queuing system

Customer queue

Service
server ()

cccccc
Poisson arrivals of

Service request (A)

w“ »n v v

~ O 0O 0O O —]

Service completion /

FIGURE 16: Multiserver queuing system (“C” represents a customer
and “S” a server).

effects on subsequent processes when it completes its work
within a short period of time. Therefore, the multiserver
queuing model includes the following assumptions:

(i) The interarrival times follow an exponential dis-
tribution with an average of 1/A

(ii) The service time follows an exponential distribution
with an average of 1/u

(iii) The queuing system has s servers
(iv) The server utilization rate (p) is defined as A/sy
(v) The queuing system is infinite

(vi) The queuing service rule: FCES (first come, first
served)

5.2. Performance Indicators. When the performance of the
construction companies that specialize in digital fabrication

is analyzed through the multiserver queuing model, it is
possible to analyze basic performance measures for the
number of customers and waiting time, as shown in
Figure 17, and perform probability analysis for the number
of customers and waiting time in the queuing system.

5.2.1. Basic Performance Measure Analysis. The perfor-
mance of the queuing system can be analyzed using the
following two measures: (1) How many customers are
generally waiting in the queuing system? (2) How long do
the customers generally wait? These two measures are
generally expressed with mean values (expected values).
Four specific performance measures can be defined based on
whether only the customers in the queue or all customers in
the queuing system will be considered:

(i) L=the average number of customers in the system
including those in service

(ii) Lq=the average number of customers in the queue
excluding those in service

(iii) W =the average waiting time of each customer in
the system (including the service time)

(iv) W =the average waiting time of each customer in
the queue (excluding the service time)

The basic equations for deriving the performance
measures of the multiserver queuing model (L, L, W, W)
are shown below:
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Performance
indicator 1
(L, L, W, W)

Performance
calculation

Multiserver
queuing model

Performance
> indicator 2
(Probability)

F1GURE 17: Performance calculation.
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The most important formula for calculating the basic
performance measures in the queuing model is Little’s
formula, which represents the direct relationship between L
and W, as shown in (2) [48]. Equation (2) also applies for Ly
and W . Thus, if either L, L, or W, W, is analyzed, the other
performance measures can be immediately obtained. This
enables a basic status analysis of the service to be performed.

L = AW (A: mean arrival rate). (2)

5.2.2. Probability Analysis for the Number of Customers and
Waiting Time in the System. Through the queuing model, a
probability analysis for the status of the queuing system,
including the number of customers in the system and
waiting time, is possible. If the server utilization rate (p) is
high, the system condition may deteriorate, and costs may
result owing to waiting time increases. If this waiting cost is
relatively higher than the server input cost, problems with
economic efficiency may occur. In the case of free-form
building projects, severe problems with quality may occur in
addition to problems with economic efficiency. Therefore,
the performance of the company must be evaluated by
predicting how many customers are in the queuing system
on a probabilistic basis. P, represents the probability of a
stable state when there are n customers in the system:

P, =C,P,,

M, n=12, ...,s,
o iAo "
! nun#n—l"'tul n
(M‘u), n=s+1,8+2,....
slsn=s

(3)
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The probability of the waiting time of a customer in the
system (t) can be expressed as follows. Equation (4) rep-
resents the probability that the waiting time of a customer in
the system is longer than ¢, and equation (5) represents the
probability that the waiting time in the queue is longer

than t:
s _ ot (s=1-My)
N Py(Mu) (1-e _—
stf1-p)\ s-1-Ap

P(W>t):e’”[1

s—1
P(W >t) = <1 -y Pn>e_5"(l_p)t. (5)
n=0

5.3. Data Collection for Analyzing Quantitative Project Per-
formance and the Queuing Model. In the case project, the
members produced through the fabrication drawings pro-
vided by the digital fabrication company are listed in Table 3.
In the case of the aperture NT panel, if it is assumed that one
fabrication drawing in the form of a planar figure is required
for one member, as fabrication drawings for the front and
rear processing are required, a total of 36,274 fabrication
drawings must be created. During the total service period of
seven months, nine engineers from professional construc-
tion companies were input (one professional engineer, one
special engineer, one advanced engineer, four intermediate
engineers, and two beginner engineers). Detailed in-
formation is presented in Table 4.

It was found that they participated in the project for a
total of 6,574 h during the period of seven months. As the
nine workers also participated in projects different from this
case project, a total of 52,441 fabrication drawings could
have been produced arithmetically had they participated in
this case project on a full-time basis (a total of 9,504 h). Based
on these data, the daily mean arrival rate (1) for the fab-
rication drawing request becomes 274.80 (=36,274 copies of
drawings/132 day for six months). If this is converted based
on the number of the personnel, the mean arrival rate (1) is
30.53 (=274.80/9). Using the assumption that the nine en-
gineers work on a full-time basis, the daily mean service rate
() becomes 340.53. If this is converted based on the number
of workers, the mean service rate (4) becomes 37.84. Ac-
cordingly, the server utilization rate (p = A/su) is calculated
to be 0.81 (=274.80/(9 * 37.84)). In addition, the server idle
rate, (1 —p), is calculated to be 0.19.

This means that the digital fabrication process is active
only 81% of the time. The remainder of the time is utilized
for performing other tasks explained above. This includes a
month of preparation period, work plan, and environment
establishment for the professional construction company
responsible for the digital application work before the
contract. In detail, the establishment work of the fabrication
BIM model is included in the fabrication documentation
work (6 months). Furthermore, initial preparation and
quality control for drawing extraction are included in the
drawing extraction work (6 months), and thus, the 19%
server idle rate is by no means too high and is one of the
works that must be performed.
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TaBLE 4: Input manpower for digital fabrication works.
Month Worker level
on

Professional Special Advanced Intermediate (total hours for 4 workers) Beginner (total hours for 2 workers) Total hours
1°* month 92 120 256 446 86 1,020
2" month 145 194 249 554 226 1,368
3" month 28 120 229 173 212 762
4™ month 25 214 262 594 296 1,391
5" month 20 228 192 600 390 1,430
6" month 22 104 222 88 167 603
Total (h) 332 980 1,410 2,475 1,281 6,574

5.4. Performance Measurement Model Analysis Results

5.4.1. Basic Performance Measure Analysis. As a result of
analyzing the average performance of nine personnel input
for digital fabrication, the server utilization rate (p = A/sy)
was 0.81, a value less than 1, which is the requirement for the
queue to reach the stable state. This indicates that the
professional construction companies can provide normal
services to customers in need of fabrication drawings in the
queuing system. As for the basic performance measures, L
was 9.13 cases, L, was 1.87 cases, W was 0.03d, and W, was
0.01d. Thus, the average waiting time of a customer is
approximately 0.24h (14.4min), which is 0.03 of a day
(based on 8h).

5.4.2. Probability Analysis for the Number of Customers and
Waiting Time. In the queuing system, P, represents the
probability that during the stable state, there are
n(n=1,2,3,...) customers in the system. Figure 18 shows
the probability according to the number of fabrication
drawings in the queuing system of the case project.

If the goal is to maintain the requests for fabrication
drawings to less than 15 cases in the queuing system over
90% of the time, the equation Py+P, +---+
P5=0.9003>0.90 is valid. The value of P, was 0.0005,
indicating that this queuing system is always waiting for
fabrication drawing production. As shown in Figure 18, the
value of P; is the highest at 0.1180, followed by P, (0.1137),
Pg(0.1071), P5(0.0940), and P, (0.0864). However, a cus-
tomer did not wait long in most cases because nine servers
were input. This means that the professional construction
companies can provide information in time without cus-
tomers having to wait. There was almost no waiting time for
the service to request and receive fabrication drawings be-
cause the fabrication drawing production method was au-
tomated through the integrated fabrication model described
above.

The probability that the waiting time of a customer has a
certain value was analyzed to more accurately judge the
productivity of the project. The probability of waiting 10 min
or longer was analyzed. As a result, P (W >t) was 0.5762,
indicating that the probability of waiting 10 min or longer in
the queuing system to receive fabrication drawings was
57.6%. Moreover, P (Wq >t) was 0.1137, indicating that the
probability of waiting 10min or longer in the queue to
receive fabrication drawings was 11.37%. This means that a

customer does not wait for long to receive fabrication
drawings and that the service status for providing fabrication
drawings is excellent.

5.5. Comparative Analysis of the Work Productivities of the
Proposed and Conventional Methods. Existing case analysis
studies were utilized to compare the productivity of the
proposed digital fabrication process with that of the con-
ventional method [40, 49]. Table 5 presents the BIM con-
version design personnel input in various studies. While
BIM personnel were inputted in the construction phase and
performed BIM-related requests for information (RFIs), the
digital fabrication company was input during a short period
of time for the construction of the free-form podium region.
Owing to the nature of the construction, high-level engi-
neering and project management capabilities, such as
structural system selection, discussion of other processes,
and detail determination, are required despite completion of
the free-form construction. Moreover, the determined work
period must be followed because subsequent processes can
be significantly affected. Although the man/month inputs of
the conventional and proposed methods are similar, there
are considerable differences in work performance. The BIM
personnel supporting the design conversion respond to the
RFIs of the project participants, and they are focused on
improving the consistency of the BIM model during the
remaining time. However, for cases where free-form projects
require tens of thousands of fabrication drawings, improving
the consistency of the BIM model is not the goal. The focus is
on achieving zero errors in the final implementation through
the information extracted from the BIM model to ensure
construction quality. Therefore, digital technology must be
aggressively utilized to implement precise construction
quality and produce the tens of thousands of fabrication
drawings required for short-term construction. In other
words, the automation design technology was aggressively
introduced to construct an integrated BIM model capable of
providing information on the design, fabrication, and
construction within a very short period of time. Further-
more, the application of the BIM model was done at a very
high level by performing factory fabrication through the
technology to automatically produce tens of thousands of
fabrication drawings from the BIM model and manage the
construction quality.

When the performance of the BIM personnel utilizing
the multiserver queuing model is compared with the existing
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FIGURE 18: Probability of the number of BIM RFIs in the queuing system.

TaBLE 5: Comparison of labor input and findings.

Category BIM labor [49] BIM labor [40] Specialty contractor (6,574 h) Specialty contractor (9,504 h)
Period (M) 20 13-17 7 7

No. of workers 1 1-3 9 9

Finding BIM RFI Fabrication documentation

No. of ﬁndings 244 214-381 36,274 52,441

study cases, the high performance of the professional
construction companies of this study can be observed ob-
jectively (Table 6). Kim et al. [40] analyzed performance of
BIM-based digital fabrication using the RFIs supported
while the BIM personnel remained at the site for the con-
struction phase of the BIM application project (case projects
1-4 in Table 6). The mean arrival rate (A: 0.748-1.094) and
mean service rate (y: 1-3) were extremely low compared to
the mean arrival rate (A: 26.17) and mean service rate (u:
37.84) of the professional construction companies. This is
because the number of the fabrication members required in
the course of implementing the shapes of free-form curved
surfaces (36,274) was higher than the BIM RFIs. Such results
were obtained even though the company did not work on a
full-time basis. If the company had worked on a full-time
basis and if BIM technology was utilized at a very high level,
such as for automation design, automatic fabrication
drawing production, and factory fabrication based on 3D
model information, 52,441 fabrication drawings could have
been produced.

6. Discussion

In general, conventional fabrication methodologies have
relied on 2D CAD and numerous paper documents, which
have caused various problems, such as difficulties and errors
in design, poor fabrication quality, and increased con-
struction difficulty. BIM, which is a simple support tech-
nology, has been applied to supplement these processes.
However, the BIM data cannot be used to manage the entire
life cycle of the project, including the design, fabrication, and
installation phases. In particular, it is difficult to obtain
effects such as cost reduction, schedule reduction, and in-
formation provision to improve work productivity
throughout the production life cycle.

The BIM-based digital fabrication proposed in this study
is a methodology for steadily managing and utilizing a single
set of BIM data throughout the entire life cycle of the project,

from the initial stage to the construction and quality control
stages. To determine the quantitative effect of the proposed
digital fabrication process, the amount of work performed in
relation to the personnel and time input, i.e., the perfor-
mance, was analyzed. The resulting values of mean in-
dependent rate (u), mean service rate (u), server efficiency
(p/su), and server efficiency (1 — p) proved that the proposed
process exhibits satisfactory performance.

This means that the proposed BIM-based digital fabri-
cation service is very efficient in providing the right in-
formation to the right participants in the design, fabrication,
and construction work. To optimize the process through
digital communication, it is necessary to produce and
provide high-level and effective information. These tasks can
be produced through BIM and automation technologies, and
the man/months carrying them out are not significantly
different from the existing personnel. In other words, this
study reveals that by improving the process, considerable
improvements can be achieved without increasing man-
power or time.

7. Conclusions

7.1. Study Summary. In this study, a digital fabrication
process during the life cycle of a building project was
proposed based on the free-form podium construction case.
The main steps are as follows:

(1) Free-form part shape optimization

(2) Structure system selection for NT panel shape
control

(3) Fabrication drawing production
(4) Digital manufacturing

(5) Material receipt and inspection
(6) Construction and measurement

The proposed process is a generalized model that can be
universally applied even though the characteristics of digital
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TaBLE 6: Comparison of performance indicators in the queuing model.

Performance indicators

Case projects [40]

Specialty contractor (9,504 h)

Project 1 Project 2 Project 3 Project 4
Period (day) 352 286 308 374 154
No. of workers (s) 2 1 1 3 9
Mean arrival rate (1) 1.082 0.748 1.094 0.826 26.17
Mean service rate (u) 2 3 1 1.67 37.84
Server utilization (p = A/sy) 0.271 0.249 1.094 0.165 0.81
Server efficiency (1-p) 0.729 0.751 N/A 0.835 0.19

fabrication might change owing to numerous variables, such
as the target project, part, type, form, scale, and material.
Moreover, a productivity evaluation model was proposed
using the queuing model to verify the productivity of the
case project implemented through the proposed process.
Basic performance measures were verified, and the number
of customers and waiting time probabilities were calculated
using the multiserver queuing model as the basic framework.
Through a comparison with the conventional 2D-based
fabrication and installation method, an improvement in
productivity was demonstrated.

8. Contributions

The BIM-based digital fabrication methodology provides
error minimization, time reduction, and collaboration ef-
ficiency reinforcement in performing tasks such as 3D
fabrication, model construction, panel design automation,
fabrication-drawing production automation, and 3D status
measurement data examination for quality control. More-
over, it enables communication, collaboration, and co-
ordination with construction companies, construction
project managers, and professional construction companies
hired for the construction of free-form exterior panels and
low structural members using BIM data.

The performance analysis, based on a multiserver
queuing model, provides a quantitative analysis method-
ology and uses data obtained throughout the project, such as
the number of fabrication drawings, input personnel, input
period, and input time. The results revealed that the pro-
fessional construction companies performing digital fabri-
cation could automatically produce the tens of thousands of
fabrication drawings required for free-form shape imple-
mentation by applying various digital technologies that
utilize 3D models and making these drawings available to the
project participants. This proposed digital technology is
different from design conversion, which converts the
existing 2D design drawings into 3D models.

8.1. Limitations and Future Work. While this study focused
on the performance of the personnel of professional con-
struction companies, the productivity of the computers and
robots utilized in the digital fabrication process were not
considered. Had they been considered, the performance of
digital fabrication would have been verified more specifi-
cally. Moreover, the cost of digital fabrication was not di-
rectly input into the analysis target, and it was indirectly

reflected through the comparison of the service rate and
waiting time. The limitations of these two factors will be
analyzed in connection with the evaluation methodology
based on the queuing model in a future study.
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