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ABSTRACT

Modular construction manufacturing (MCM) is superior to the current on-site
construction system which is hampered by inefficiency and material and process
waste. Modular buildings are potentially built through a more efficient and cost-
effective method, but in the current manufacturing-based approach, a gap still
exists between design and production. The increased interest in modular buildings
demands special methods of design and manufacturing to support effective
production operation. MCM provides opportunity to apply Lean for production
efficiency in the plant. Lean is a concept first developed in the manufacturing
industry which has been since adapted to the construction industry. Although the
focus of Lean in both industries is the same, Lean principles vary between
manufacturing and construction since these two industries differ in nature. Lean
as the concept is applicable to any industries, taking into consideration that MCM
has characteristics of both manufacturing and construction yet is distinct and
should be seen in the class of its own. Given the distinct nature of MCM, the
technical elements in “Lean production” and “Lean construction” are not
sufficient to achieve the Lean goals for MCM industry, necessitating a modified

framework by which to exploit the potential benefits of modular building.

The focus of this research is to develop a framework that supports manufacturers’
needs for design and which encompasses the integration of Lean into production
process. In this research, Lean is adopted for the MCM industry in order to
improve production process efficiency which is introduced as “Lean-Mod”. To

apply the proposed Lean-Mod strategies on a factory production line, an enhanced



integrated approach of Building Information Modeling (BIM), Lean, and
simulation is proposed. Integrating these concepts involves transferring generated
data from a BIM model to the manufacturing phase, where Lean strategies are
applied, and evaluating the production process scenarios through simulation
modeling. The simulation model of production flow evaluates improvement from
the Lean point of view and provides assessment of potential scenarios. The
proposed methodology is validated by a case study—a residential modular factory
located in Edmonton, Canada—and illustrates the effectiveness of the proposed

methodology.
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1. INTRODUCTION

1.1. RESEARCH MOTIVATION

The current on-site (stick-built) construction process is hampered by inefficiency
and material and process waste. The process also limits opportunities for
technological and productivity innovations. Modular buildings are potentially
built through a more efficient and cost-effective engineering method that can
deliver market requirements for increased construction speed, improved quality,
and rapid return on investment, but in current manufacturing-based approach to
construction a gap still exists between drafting and the production line
(Moghadam and Al-Hussein 2013). Meanwhile, interest in a manufacturing
approach to building is increasing, which necessitates improvement in production
efficiency to meet growing market demand. Improving the modular industry
requires special techniques and tools for design and manufacturing of modular
buildings. Currently planning and scheduling tools are mainly tailored to
supporting traditional (on-site stick-built) construction, without considering the
unique characteristics and demands of the modular construction manufacturing
(MCM) process (Moghadam et al. 2011). In order to facilitate accurate planning
from the early stages of a project, there is a need to adopt advanced tools and

concepts for MCM.

There are two concepts that can be adopted for the MCM industry to improve the
efficiency of design and production processes: Building Information Modeling
(BIM) and Lean. BIM and Lean are two distinct concepts in the construction
industry and each impacts the construction process differently. Although the two
areas are independent and are separately applied to the construction process, the
benefits can be maximized by integrating BIM and Lean. BIM provides new
capabilities in construction and supports the creation of an integrated design and
construction process that increases quality while reducing the cost and duration of
a project (Eastman et al. 2008). In addition, MCM provides opportunities to apply

1



Lean for production efficiency in the plant, thereby eliminating waste and
supporting the delivery of products in a shorter time and at a lower cost.
Integrating BIM and Lean brings about even more benefits to the design and
manufacturing process. BIM provides the basic data which can be used as input
for Lean application throughout production process. It is applicable to all of the
project stages and helps reduce waste from the conceptual design stage to
construction (Arayici et al. 2011). BIM also provides benefits particularly in
applying Lean and supporting the construction phase. Once a model is created in
BIM, it is front-loaded with information, including the building components’
schedules, material take-offs, and fabrication elements. Such information is used
throughout the production and construction phase. Moreover, in order to support
manufacturers’ needs for design and drafting, which involves the incorporation of

Lean into construction, the integration of BIM with Lean is required.

“Lean production” is a concept first developed for Toyota Production System
(TPS) to reduce waste from the production process in order to improve the
production process (Singh et al. 2010). Lean production has been widely used in
the manufacturing industry as the foundation for efficiency improvement in
manufacturing. More recently, potential applications of Lean production for
construction process improvement have been identified (Winch 2003), and Lean
has since been adapted to the construction industry as a new production
philosophy referred to as “Lean construction”. Although the focus of Lean in both
industries is the same, to reduce waste, increase value for the customer, and
achieve continuous improvement (Howell 1999), Lean principles vary between
manufacturing and construction since these two industries differ in nature.
Modular manufacturing construction provides opportunities to apply Lean
strategies for production efficiency in the plant, taking into consideration that
MCM has characteristics of both manufacturing and construction yet is distinct
from both and should be seen in a class of its own. The technical elements in Lean
production or Lean construction, however, are not sufficient to achieve the Lean

goals of MCM, thereby necessitating a new framework by which to capitalize

2



more fully on the capabilities brought by modular building. The unique
characteristics of the MCM industry require adapted strategies which can
adequately fulfill the production efficiency demands of modular building. In this
research, based on the characteristics of MCM, Lean principles are modified
accordingly and proposed as “Lean-Mod” to satisfy production efficiency

requirements.

Fundamental changes in the production process must be made in order to transfer
the system from a traditional process to a Lean-implemented process, which
complicates Lean implementation. A tool to facilitate the decision making process
by quantifying the expected benefits of Lean application at the planning and
evaluation stages is required (Detty and Yingling 2000). Simulation is a technique
to facilitate identification of the changes and benefits of Lean. On the other hand,
to make improvements on a production line within the context of Lean, the
integration of simulation tools and Lean strategies brings about a more effective
approach for process management. A simulation model of the production process
is able to challenge the impacts of Lean on line balancing and predict the results
(Shararah et al. 2011). In addition to component interaction, product variation is
inevitable in process management of MCM due to the fact that customer demands
affect the process must be considered in the future-state. Current tools in Lean do
not consider variability in evaluation of the process, thus necessitating plans to
improve the future-state considering variability. Therefore simulation of the
future-state can be used to evaluate and quantify the potential benefits of Lean
prior to the transformation process (Marvel and Standridge 2009). In summary, a
model which defines rules to balance the production flow considering product

variation as an inevitable element in MCM is required.

The scope of this research is the fabrication of modular buildings in a factory
environment. Several alternative terms are used within the construction industry
to refer to factory-based production techniques, such as industrialization, modular
building, structural panel construction, modern methods of construction, and off-

site construction. In this research, Modular Construction Manufacturing (MCM)
3



and modular buildings are the terms used to refer to the method of construction
and the product, respectively. Modular buildings are made of components
prefabricated in a factory. The structure of a given modular building may vary
from a single box to a more complex configuration of adjoining boxes. Modular
buildings can be constructed for a variety of applications, such as residential

housing, high-rise buildings, and commercial facilities.

The focus of this research is on improving factory production efficiency for
MCM. The factory production line consists of a series of workstations where
specific tasks with defined resources are carried out on parts of a module as it
passes through each station. The entire production process is divided into small
work packages which are assigned to stations along the line. The challenge in
creating work flow and balancing the production lies in the assignment of work
packages to stations considering the activity precedence network and plant
physical constraints. In some modular factories, the entire process is performed by
humans while, in some of the more industrialized factories, many of the tasks are
performed by machines. Either way the production tasks are the same, but the
time spent at each station varies. The modular manufacturing process is a complex
operation due to product variation caused by customers’ demands, which in turn
affects production efficiency by requiring deviations from a standard work
process. In this research, the effect of variety on efficiency of the production
process is investigated.

1.2. RESEARCH OBJECTIVES

This research is built upon the following hypothesis:

“Integrating production requirements for work flow balancing with the BIM
model within the Lean-Mod strategies will improve the production efficiency of

modular construction manufacturing.”



This research proposes a new approach to apply Lean within the modular building
industry, and a set of principles are introduced as Lean-Mod strategies. To apply
these strategies on a factory production line, an enhanced integrated approach of
BIM, Lean, and simulation is proposed which improves the productivity of the

modular building industry. The research objectives are outlined as follows:

e To provide a deeper understanding of MCM and the difference between
the manufacturing, construction, and MCM industries, as well as to

compare Lean manufacturing to Lean construction.

e To identify challenges in MCM industry and adopt Lean principles which
can adequately fulfill the production efficiency demands based on

particular characteristics of MCM.

e To develop an integrated tool which gains the advantage of BIM model in
manufacturing phase, quantifies resource requirements, and simulates the
future-state of the production process for potential scenario evaluation

before actual implementation.

To achieve the research objectives, it is required to develop both an underlying
management theory and process control technique. The first section of this
research methodology focuses on the adoption of Lean for MCM and proposes
Lean-Mod strategies. In the following section, an enhanced integrated approach of
BIM, Lean, and simulation is presented and its application to a factory production
process is discussed. With respect to this approach, several procedures are
implemented to achieve the research objective as presented in Figure 1. In the
proposed integrated model, the components’ schedule and material take-offs are
extracted from the BIM model by means of a BIM platform. The methodology
provides an effective method of estimating resource requirements for component
fabrication by performing a time study and analyzing collected data. Also, the
production process is studied in order to identify process deficiencies. A number
of recommendations are then proposed to improve production efficiency based on

current Lean principles and the proposed Lean-Mod strategies. A simulation



model is subsequently generated in order to evaluate the proposed future-state. As
a result, the resource requirements to complete various modules can be
determined, along with potential scenarios for work flow balancing. In order to
facilitate the decision making process, a post-simulation visualization model is
developed to evaluate near-optimum scenarios. The methodology of this research

is examined by means of a case study of a modular manufacturing company.
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Figure 1: Research methodology



1.3. ORGANIZATION OF DISSERTATION

This thesis consists of five chapters.

Chapter 1 describes the research motivation and objectives and outlines the

organization of the thesis.

Chapter 2 provides a background on BIM and Lean and reviews existing research
on the integration of BIM with Lean, as well as studying factory-based production
practices. This chapter also discusses the effect of product variation on
productivity, considers recent attempts toward interoperability and data exchange,
and introduces relevant mathematical and quantification models developed to
increase productivity in the production line. Finally, the application of simulation
and post-simulation visualization and the supportive effects on Lean are

discussed.

Chapter 3 outlines the research methodology. The first section looks at adoption
of Lean production and Lean construction for MCM, and the proposed Lean-Mod
strategies are discussed. The second section introduces an integrated tool by
which to apply these strategies on a factory production line. The process to
develop this tool is divided into five main phases: (1) generating of data from the
BIM model; (2) assessment of production line by means of a time study; (3)
analysis of production process and propose improvements; (4) development and
evaluation of a simulation model; and (5) development of a post-simulation

visualization model and evaluation of near-optimum scenarios.

Chapter 4 describes the implementation of the research methodology on the case
study. In this research the production processes of various MCM plants are
studied in order to gain a thorough understanding of processes for different types
of MCM. The construction processes of a number of sample modules are
monitored through a time study in a residential modular factory in order to define
a quantification model for estimating resource requirements. A BIM model of one

of the sample modules is generated to extract the components’ schedule and
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quantity take-off list. Recommendations for efficiency improvement are then
discussed. Finally, simulation and post-simulation visualization models of the

proposed changes are developed for evaluation purposes.

Chapter 5 concludes the research with a summary and comments concerning the
value of the proposed methodology based on the findings and deliverables of this
research. This chapter also outlines the research contributions and limitations, and

proposes some recommendations for future research.



2. LITERATURE REVIEW

The literature review for this research is driven by the hypothesis and based on an
examination of the tools needed to achieve the objectives. As such, the literature
review focuses on the application of the following tools and concepts within the

construction industry.

2.1. BACKGROUND IN BUILDING INFORMATION MODELING (BIM)

The concept underlying building information modeling (BIM) has existed in the
design and construction fields since the 1970s (Eastman 1974), and serves to
discriminate architectural 3D modeling with rich information from traditional 2D
drawings. The term, building information model, first was introduced in a paper
by van Nederveen and Tolman (1992). BIM can be viewed as both the product
and the process. BIM as a process represents the process of generating a digital
model to represent the design, constructability, and operation of a facility. The
resulting model as the product is a simulated version of a facility which is
intelligent, parametric, and data-rich. Users with different needs in terms of data
requirements extract related information from the model to facilitate decision
making and to support the construction process (Azhar et al. 2008). All
information pertaining to the facility, such as the physical and functional features
of all components, is included in BIM, along with the project’s life cycle
information, which is stored in a series of smart objects (CRC 2007). The ultimate
goal of BIM is to integrate and exchange all information generated for a project in
a single database to be used by all the project stakeholders from design to
construction throughout the project life cycle. The anticipated result of a BIM
model is 3D imaging of the facility with related physical and performance data

included in all the components in the model (Holness 2007).



2.1.1.BIM Application in Construction

Implementing and transferring the generated information through a project life
cycle is of significant concern in the construction industry, and this task should
encompass improving the efficiency and effectiveness of construction projects
through the project lifetime and across various trades and disciplines (Jung and
Joo 2011). BIM is capable of maintaining and supporting different functions in a
project; however, its application is relative in nature and dependent on the features
of each project and the disciplines involved in modeling particular projects.

BIM in construction has a variety of purposes and benefits, of which the
following are used in this research (Azhar et al. 2008; Ashcraft 2008; Kreider et
al. 2010):

e Single data entry with multiple uses: in construction practice, generated
data must be multiple times by multiple disciplines and organizations.
Application of BIM significantly reduces the probability of errors during
data entry, data exchange, or versioning since the consolidated data is

being drawn from a unified data source.

e Visualization: the 3D model can be generated in-house and used for
sequencing and constructability reviews. It enables understanding of the
challenges involved in construction, evaluation and optimization of the

construction sequence, and evaluation of the effect of construction delays.

e Design efficiency: BIM can reduce rework, especially when design is

changing rapidly.

e Conflict and interference detection: a BIM model allows users to explore
the model visually, detecting physical conflicts and interferences, and

resolving issues in the context of an active model.

e Take-offs and estimating: the required data to generate material lists,
dimensional properties, productivity analysis, material costs, and related
estimating information is included in the model based upon project
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demands. The links among generated information support automated
production of material take-offs and revision of the information after any
changes to design, thereby reducing the error and misinterpretation caused

by manual estimation.

e Fabrication and shop drawings: BIM reduces the detailing effort to
generate shop or fabrication drawings. Since conflicts are resolved during
design, fabrication accuracy is increased and delivery of accurate

prefabricated material is assured.

e Alternative scenario visualization: BIM enables evaluation of alternatives

to determine best the solution benefiting the entire design.

e Reduced fabrication costs and errors: since data is included in the model,
dimensional errors, conflicts, and integration errors can be avoided or
significantly reduced. Furthermore, lessons learned from previous errors
encountered during design can be archived through the BIM clash

detection database to avoid repetition of errors.

A BIM model is generated by transferring data from the design tools to a
graphical 3D representation of the building. The model is capable of adding
further dimensions such as the fourth dimension of time (duration) for scheduling
and the fifth dimension of cost for estimating. A BIM model generates
automatically a bill of materials and shop drawings which makes the design
process more efficient. The challenge to implement and benefit from a BIM
model is in creating an integrated tool which facilitates sharing and transferring
the produced data through the entire project life cycle and among all project
stakeholders from design to construction. For this purpose, not only is advanced
technology needed, but also a cultural change is an important element of
achieving this objective. Since there is a requirement for both technological and

cultural change, BIM is identified as a sociotechnical system.

An approach to work design which involves recognition of the interaction

between technology and its application in society is called a sociotechnical system
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(STS). BIM is considered a “system” because of its characteristics as a unified
entity containing many physical and non-physical interacting parts. It is also
“sociotechnical” because of its technical core with related social aspects. The
progression of the technical core through feedback loops is impacted by the social
segments, while the 3D modeling and data supervision is done by the software at
the technical core of BIM. The more the software is used, the more
comprehensive an understanding of the technical core will be achieved. This will
be more obvious as the technical core initiates from social practices by expanding
the possibilities (Figure 2). Although primarily it implies more intense
collaboration between different disciplines, ultimately it will generate an entirely

new institutional and cultural environment (WSP 2013).

Social parts Coordinated
work practices

Synchronous
collaboration

Information
management

Intelligent
models Technical core

3D CAD

Figure 2: BIM viewed as a sociotechnical system (WSP 2013)
2.1.2.Barriers to BIM Application

Despite BIM’s advantages, its adoption faces significant barriers. Some of the
barriers observed in this research are listed below:

e People: the largest latent barrier to the application of BIM is the allocation
of time and human resources to the training process and to changing the

work process and work flow (Yan and Damian 2008).
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e Tools and technology: different disciplines, such as architectural,
structural, procurement, and fabrication, use different models. There is no
single tool that can satisfy all participants’ needs. Also, despite the fact
that there are several BIM tools and software applications in the market,
there are relatively few best practice projects. In this respect, organizations
typically are not confident about these technologies until they put them

into practice.

e Data exchange and interoperability: there are usually a number of
different BIM models utilized throughout the life cycle of a project. In
current practice, there are differences in capability between BIM software
and the ability to have a round-trip translation of generated data (Ashcraft
2008).

e Collaborative framework: all project participants are required in the
creation and use of the model to contribute to the success of the BIM
initiative (Eastman et al. 2008). However, there is no standard
collaborative framework and, hence, organizations need to develop
procedures of their own to support the process.

e Knowledge management: Although in current practice BIM is capable of
avoiding error repetition by archiving previous errors in a clash detection
database, this ability is not open for regular users and requires experts who

are familiar with software architecture.

In this research, BIM technology is used to generate the required data for design
and production of modular buildings and transfer the generated data to the

procurement and construction phase in order to leverage the benefits of BIM.

2.2. BACKGROUND IN LEAN PRODUCTION

Lean Production is a management philosophy derived from the Toyota Production
System (TPS) developed at Toyota by Taiichi Ohno, Shigeo Shingo, and Eiji

Toyoda between 1948 and 1975 to facilitate waste reduction in the TPS (Ohno
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1988 and Shingo 1988). The TPS manages manufacturing and logistics for the
automobile manufacturer, as well as collaborations with suppliers and customers,
with an emphasis on waste identification and elimination by means of particular
tools and techniques. The term “Lean production” was first used by Krafcik
(1988) and; later, Womack et al. (1990) used the term, Lean production, to
contrast Toyota with the western mass production system in his book, The
Machine that Changed the World (Holweg 2007). Describing the development
and growth of Lean production in the automobile industry, this book has become
one of the most widely cited references in operations management. The term,
“Lean”, is used with regard to Lean production because fewer resources are used

in production when compared to mass production (Koskela 2000).

Eliminating waste from the production system in order to respond effectively to
customer needs while manufacturing high quality products as efficiently and
economically as possible is the focus of Lean production (Singh et al. 2010).
Waste takes many forms, consuming resources without adding any value to the
product. A key step in Lean and TPS is the identification of which steps in the
process add value and which do not. To be able to improve the value-added
activities and eliminate waste, all process activities should be allocated into one of
these two categories. Toyota has identified seven major types of waste as follows
(Liker 2004):

1. Transportation: unnecessary movement of parts between processes which
does not make any transformation to the product that the customer is

willing to pay for.

2. Inventory: any form of inventory, including raw materials, work-in-
progress (WIP), and finished goods, that has not yet produced value to the

customer.

3. Motion: unnecessary movement by individuals, such as looking for

materials, reaching for tools, or asking for information.
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4. Waiting: both people and parts that wait for a work cycle of upstream

activity in order to be completed.

5. Over-processing: processing beyond the standard required by the
customer—either spending more time on a piece than is required or using
components that are more precise, higher quality, or more expensive than

required.

6. Over-production: producing products earlier, faster, or in greater

quantities than demanded by the customer.

7. Defects: rework and replacement, which entail extra costs and

rescheduling.
2.2.1.The Toyota Production System Concepts

The Toyota Production System (TPS) was established based on two concepts: (1)
preventing production of defective products by stopping the equipment instantly
after a problem appears, which is called Jidoka and is translated to automation
with a human touch; and (2) Just-in-Time (JIT), which means production of only
what is needed by the next process, and right when it is needed, in a continuous
flow (Liker and Morgan 2006). Figure 3 depicts the TPS house as originally
presented by Fujio Cho in the 1970s (Glenday 2011).
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House of
Toyota Production System

Goal: highest quality, lowest cost, shortest lead time

Just-in-Time Jidoka
Stop and notify
Continuous flow of abnormalities
Takt time
Pull system Separate human
Kanban work and

machine work

Heijunka Standardized work Kaizen

Stability

Figure 3: Toyota Production System house

Just-in-Time means producing exactly what is needed, exactly when it is needed,
at the exact required volume. The JIT philosophy is built upon the underlying goal
of eliminating inventory waste and any other non-value-added processes. In
particular, in a production system where JIT is implemented, pulled materials in
the system are delivered to each production step exactly when they are needed. To
control the flow of product, materials, and information, JIT is implemented in the
system through elimination of all types of waste and continuous improvement
(Benton 2011). The basic condition of a JIT system is to implement a continuous
flow (Ohno 1988). Flow in Lean means the raw material is ordered just for the
customer’s needs, when the customer’s order is received. The raw material is then
received immediately at the manufacturing plant and flows throughout the system,
and the final product is delivered immediately to the customer afterwards (Liker
2004). Various types of waste, such as over-production, waiting, and inventory,

are eliminated through a smooth, continuous, JIT production flow.

The strategy used in Toyota when continuous flow is not possible is an inventory
buffer called “Kanban or “supermarket”. This process is basically an inventory
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control system within the context of JIT production practice to prevent over-
production by eliminating inventory. The Kanban process uses a Kanban card to
line up inventory volume with the real raw material usage. When a raw material is
used up in the production line a signal will be sent via a Kanban card to produce
and deliver a new shipment of the material. A tracking system over the
replacement cycle tracks the Kanban signals to ensure the visibility and
traceability of the orders to both the material provider and the consumer. Kanban
supports production leveling, also known as Heijunka, in which each stage needs
to be able to manufacture the volume needed at the time it is needed. The
production leveling technique is implemented to meet customer demand by
determining appropriate quantities. This technique helps the organization to
maintain a daily schedule of production based on customer needs in a smooth
work flow while minimizing inventory and interruption. The goal is to keep the
demand and supply at the same level to eliminate both under-production and over-
production by maintaining Takt time as the key to scheduling and, hence, leveling
the production. Takt in lean production is the rate of customer demand and Takt

time is the production cycle time to meet the customer’s demand rate.

The quality control tool used by Toyota in TPS is called Jidoka, and this controls
the quality of the product in every step of the process. Jidoka supports
identification of defects as soon as they occur by making the process visible. In
this system, each team member is in charge of performing quality checks on the
product in their step before delivering it to the next step through the production
line. Defects are required to be resolved instantly, even if the production line
needs to be stopped. Jidoka addresses basics to ensure delivery of foolproof
product and quality maintenance through the production process, including: (1)
going to the source: identifying the source of the problem and resolving it,
normally leading to significant improvements by providing thorough
understanding of the problem; (2) standardization: using standardized procedures
to guarantee quality, maintains the production pace, and enable continuous

improvement; and (3) mistake-proofing: using mechanisms to prevent users from
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making any mistakes (Poka-yoke), thereby eliminating product defects and errors

by preventing, correcting, or drawing attention to human errors.
2.2.2.Lean Production Concepts and Techniques

According to Womack and Jones (1996), thinking in a Lean way enables
companies to specify value, create the best sequence to deliver value, create
uninterrupted flow of activities based on customer demand, and explore avenues
for continuous improvement. Five principles of Lean follow from the
aforementioned statement, as illustrated in Figure 4 and described in greater detail

in the section below: Value, VValue Stream, Flow, Pull, and Perfection.

Identify
value

Map the
value
stream

Seek
perfection

Establish Create
pull flow

Figure 4: Five Lean principles according to Womack and Jones (1996)

1. Specify the value from the customer point of view for specific products:
The definition of value is to fulfill a need as defined by the customer at the
right time at an appropriate price. While value can only be defined by the

end customer, it is vital to the initiation of Lean.

2. Map the value stream: a value stream can be drawn by identifying and
defining of the sequence of occurrences to the product at each step, from
design, to order, to raw material, to delivery. Three types of activities are

defined in the value stream: (1) value-added: activities that clearly add
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value; (2) type one Muda or non-value-added: these are the activities that
clearly do not add value but cannot be avoided due to the given restraints
or current technologies; (3) type two Muda or waste: these are activities
that clearly do not add any value to the product and can be instantly

removed from the stream.

Create continuous flow for value through the value stream: Flow is
defined as continuous and progressive movement of activities to deliver a
product from the initial state as a raw material and from the design phase
to a finished product in the hands of the customer. To promote flow, the
organization can make immediate alterations to the tools and machines
being used in production and put all sequential steps and processes in the

production line one after another.

Pull the value from the value stream by the end-customer: a pull system is
achieved when the product is delivered through the production flow from a
downstream workstation to an upstream workstation once the downstream
customer signals a need to upstream. This is the opposite approach of
pushing products through a production system, in which the system keeps
manufacturing products independent of the customer needs, eventually

leading to over-production and extra inventory.

Pursue perfection: perfection is the desired end-state of Lean when all
types of Muda are eliminated and all activities create value through the
entire production process. Lean is a never-ending process due to the fact
that there will always be some kind of Muda in the system, therefore full

elimination of Muda is an ultimate goal in Lean.

Over the years, various Lean tools and techniques have been developed to provide

significant productivity improvement for companies. Once companies identify

waste in their process, they can then match the sources of manufacturing waste

with appropriate Lean tools. Some of the Lean tools used in this research are as

follows:
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Cellular manufacturing: The challenge in creating a smooth production
flow through the process is to categorize groups of individual activities
into families; allocate machines and materials to proper workstations, also
known as cells; and assign qualified operators to particular cells. The
application of cellular manufacturing reduces significantly set-up time,
WIP inventory, throughput time, material handling costs, and also
improves product quality through a simplified scheduling approach
(Pattanaik and Sharma 2009).

Process map: the complexity of the production process is simplified
through a process map by measuring specific elements such as duration,
quantity, cost, and resource utilization. The process map ensures
participation of all appropriate stakeholders to demonstrate the work
process and define the starting and finishing points of activities in order to

create an efficient and useful tool (Morrow and Main 2008).

Facility layout diagrams: this tool supports identification of waste
activities caused by space and machine inefficiency within the production
line and cell, and through the entire process, including management,
inspection, transportation, and storage of inventory in the form of raw

materials, WIP, and finished goods (Pavnaskar et al. 2003).

5S: this technique results in a well-organized workplace complete with
visual controls and order by ensuring that there is a place for everything
and that everything is in its place. There are five primary 5S phases: (1)
sort: eliminate all unnecessary tools and keep only essential items; (2) set
in order: arrange the tools in such a way that they are readily accessible
and the work in a way that it flows free of waste; (3) shine: sweep and
clean the work area and keep tools clean, tidy, and organized; (4)
standardize: define the normal condition of the work area and uniform
procedures and set-ups throughout the operation; and (5) sustain:

implement solutions to address the root causes of work area organization
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issues. For successful implementation of this approach, all employees

must be properly trained and use visual management techniques.

e Value Stream Mapping (VSM): mapping the entire production process,
including both material and information flow is a tool by which to identify
all activities and categorize them as either value-added or waste, with the
goal of eliminating the latter. (Rother and Shook 2003). This tool is known
as the language of Lean, since it provides a common language for
describing the manufacturing process, and is the most commonly used tool

in Lean.
2.2.3.Value Stream Mapping (VSM)

One of the most powerful tools in Lean is VSM, which is basically a pencil-and-
paper technique. The value stream map graphically represents the flow of
materials and information through the production line as value is added to the
product (MHRA 2007). Mapping the process helps give a clear picture of the
production process and assists in the identification of hidden problems and
existing waste. Using VSM, the Lean team is able to assess and optimize the
entire production process and not only individual tasks. VSM also creates a map
by which to identify the future-state of the system, called the future-state map,
which provides a picture of the Lean transformation process. The required
improvements to the current state and an overall concept of how the factory
should ideally operate are identified and presented in a future-state value map
(Marvel and Standridge 2009).

Lean production focuses on continually adding value, as defined by the customer,
to a product through the VSM process. Two types of value streams are mapped in
Lean: product flow and production flow. Production flow considers different
stages and steps of designing flow from concept to delivery, while product flow is
the flow of the product itself from raw material to finished good. In Lean, material
and information flow are mapped through the two types of value streams,

facilitating finding the value-added and waste activities through the processes.
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Once the waste is identified, the Lean team can step in to eliminate them from the
process in order to increase safety, quality, and productivity while reducing cost
(MHRA 2007). While there could be changes in the display format and work
steps of VSM according to different aspects of the organization, such as the
technology, culture, and the skill level, the mapping process remains the same,

following six basic steps (Tapping et al. 2002):

1. Choose the value stream: A value stream is a series of activities from raw
material to finished product capable of spanning continuous production

flow within a plant or even among different facilities.

2. Map the current state: Mapping the current value stream, with current,
precise and first-hand data, shows the existing production process and
non-value-added activities. The material and information flow is mapped
through specific formats, including special icons and symbols, data boxes,

and different types of arrows.

3. Determine Lean metrics: Identifying Key Performance Indicators (KPI)
helps the organization to identify waste and eliminate it while
implementing continuous improvement. It also shows the workers how
they as members of the organization, and also the whole system are doing,
by presenting these metrics. There are some common KPI in Lean metrics,
such as inventory turns, defective sigma level, total work-in-progress
(WIP), total cycle time or total value-added time (VAT), total lead-time,
uptime, on-time delivery, overall equipment efficiency, and first-time-

through capacity.

4. Map the future-state: Based on studying the current state, an organization
can map the future-state which would be its ideal state, which it seeks to
gain after a certain period of time. The following procedure, introduced by
Rother and Shook (2003), helps to map the new flow: (1) produce
according to the specified Takt time; (2) create continuous flow whenever
possible; (3) where continuous flow is not possible, use a supermarket to
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level production; (4) create a pull system; and (5) level a mix of products

at the pacemaker operation.

5. Develop Kaizen plans: A Kaizen plan provides a reliable and stable plan
as a vital element in Lean, with a comprehensive schedule for tasks with
detailed description of tasks describing how the work should be done,

when it should be done, what tools are needed, and who should perform it.

6. Implement Kaizen plans: People are naturally resistant to change, even
change for the better. Implementing Kaizen could constitute a major
change in an organization affecting everyone involved in the production
process. Lean is only successful if all stakeholders, at all levels of the
organization, are committed to it, and communication is a key in ensuring
this. With regard to Lean, all stakeholders should be well aware of what is
happening and why. Workers at the frontline are the best able to be

responsible for Lean initiatives.

VSM is not a flow analysis for the process of designing and creating the finest
product flow, but simply a tool which assists operation managers in better
understanding the current state of their facility flow, guiding them through the
process of analyzing and improving their current state and building an improved
one for the future. A fundamental limitation of VSM is that it is a manual method
for mapping and analysis of the flows of products, materials, people, and
information in manufacturing facilities (Rother and Shook 2003). There are more
limitations in VSM once it is implemented in a typical high-variety low-volume
facility with complex production assembly line, since VSM does not provide
information regarding the effect of variety on the work flow. Another major
shortcoming regarding the application of VSM s that it only proposes
improvements and does not validate the performance of the system before actual
implementation. In the absence of validation, the chance that the proposed system

will not meet the performance objectives increases. This research focuses on
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addressing these major issues in order to increase the competence of the future-
state map for MCM.

2.3. BACKGROUND IN LEAN CONSTRUCTION

The complexities in construction projects necessitate a new management system.
Although manufacturing has been a reference point of innovation and productivity
growth in construction for many decades (Koskela 1992), the construction
industry has rejected many ideas from manufacturing because of the belief that
construction is distinct from manufacturing and thus that manufacturing
techniques do not apply to it. Although manufacturing produces standardized
products, construction involves unique and complex projects being completed in
environments with unknown constraints, tight budgets, and schedules
fundamentally different from those for manufacturing products (Howell 1999).
Once Lean production emerged as the basis of best practice in manufacturing,
some mutual elements were identified between Lean and construction practices in
production organizations, such as make-to-order and one-piece flow. Given that
Lean production was first established within manufacturing industry, there are
some inherent limitations due to the divergent processes of construction and
manufacturing inhibiting direct implementation of Lean for construction (Winch
2003).

One of the first studies to adapt the Lean production concept to the construction
industry was carried out by Koskela (1992). In that study, Koskela presented a
new production philosophy and examined the traditional production philosophy
applied in manufacturing. Koskela has explained three different points of views
on production: (1) the transforming of inputs to outputs; (2) the flow of
information and materials; and (3) the generation of value to customers. He has
discussed the challenges of implementing the proposed philosophy within the
construction industry and presented an initial set of design and improvement

principles. In a later study, Koskela (2000) formulated detailed guiding principles,
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after nearly ten years of work, which could serve as implementation guidelines to
create flow processes in construction. Besides the theoretical stream of Lean
construction development, the actual application stream was implemented in 1995
when Howell and Ballard observed a facility where just half of the tasks in a
weekly plan got realized as planned on site. In a later study in 2000, Ballard
established a new methodology, called the Last Planner System (LPS), which was
applied to control production (Bertelsen and Koskela 2004). Lean construction
had a profound impact on the construction industry, particularly with the
establishment of the Lean Construction Institute (LCI) led by Greg Howell and

Glenn Ballard, formed in 1997 to improve the project production management.

The focus for Lean construction, as for TPS, is on reducing waste, increasing
value for the customer, and achieving continuous improvement. Waste in Lean
construction, it should be noted, is also related to performance from the customer
point of view (Howell 1999). While many of the principles and tools of TPS are
applicable in construction, though, a number of principles and tools have also
been developed specifically for the application of Lean in construction (Sacks et
al. 2009a). Lean construction management is different from traditional project
management and addresses the following points: (1) objectives are clearly set for
the project delivery process; (2) the goal is to increase project performance from
the customer point of view; (3) product and process are designed simultaneously;
and (4) production control is applied throughout the entire project life cycle
(Howell 1999).

Lean is summarized in 11 principles according to Koskela, as cited by Pheng and
Fang (2005).

1. Reduce the share of non-value-added activities (waste). Non-value-added
activities, according to Koskela, are those activities which consume time,
resources, including time, cost, space, labor, and machine utilization, but

do not add value from the customer’s point of view, whereas value-added
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activities convert and transfer materials and information through the

customer-desired flow.

Increase output value through systematic consideration of customer
requirements. It is important to meet customer demands in order to
generate value for the project from their perspective. However, often

customer needs are not identified or clearly defined.

Reduce variability. According to Koskela, reducing variability in the
process serves to reduce the number of non-value-added activities.
Therefore, uniform products with no process variability maximize value

for the customer.

Reduce cycle times. The implementation of JIT techniques to minimize
stock inventory along with application of decentralization of the

organizational hierarchy eventually reduces cycle times.

Simplify by minimizing the number of steps, parts, and linkages.
Simplifying the construction process, according to Koskela, can be
achieved by decreasing the amount of elements in a product and the

number of steps in a material or information flow.

Increase output flexibility. Koskela suggested that to increase output
flexibility, the organization should use product modularization design,
which reduces the difficulty of set-up, changeover, and training of a multi-

skilled workforce.

Increase process transparency. In order to enable all employees in the
organization to control and improve the construction process, the process

needs to be transparent and visible.

Focus control on the complete process. Koskela suggested that work flow
be optimized by enabling autonomous teams to take control of the process

and establish long-term collaboration with suppliers.
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9. Build continuous improvement into the process. Continuously adding
activities which are value-added and minimizing waste from the
production process provides continuous improvement of the construction

process.

10. Balance flow improvement with conversion improvement. Better flows
result in a lesser amount of investment in equipment, which in turn

provides the company with better control of the conversion technology.

11. Benchmark. Strengths, weaknesses, opportunities, and threats of the
organization are revealed through benchmarking. The goal in
benchmarking is achieved by promoting familiarity within the
organization with the best practices in industry, incorporating the best
practices into the organization, and combining internal strengths with the

best external practices.

There are three specific tools and methods that have been developed for Lean
construction: the Last Planner System (LPS), target value design, and the Lean
Project Delivery System (LPDS). The focus of this research, due to the scope of
work, is on LPS. The LPS was established by the Lean Construction Institute as a
production control system to provide a preferred future-state, mitigating the
variance between plan and actual common with traditional project control
systems. LPS is basically a Should-Can-Will-Do system for project planning that
incorporates work flow control through a look-ahead process, and production unit
control through weekly work planning. Before planning the detailed schedule for
a project, it is required to plan the project events. Assigned work with associated
planned progress, along with crew assignments, seldom follows the master
schedule prepared at the beginning of the project. LPS creates a 6-8 week look-
ahead schedule along with detailed weekly plans determined by the last person
who performed the work (i.e., the last planner). Assignments to perform the work
are allocated to workers based on what they promised, which prevents workers

being overloaded and keeps track of productivity by means of the percent planned
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complete factor (PPC). LPS supports the pull system in terms of workable
backlog, which utilizes the JIT tool. Also, LPS supports process continuous
improvement by creating the look-ahead schedule through discussion with all the
project participants, which removes the uncertainties in the construction process
(Bhatla and Leite 2012).

Various new management methods and principles have been developed for
construction industry resulting from the different points of view in Lean
construction versus manufacturing. In this research, Lean construction principles,
tools, and implementation are studied in order to gain a better understanding of

the similar roots between construction and MCM.

2.4. INDUSTRIALIZATION OF CONSTRUCTION

The influence on society of the automotive industry’s moving from craft-based
production to mass production has gone beyond manufacturing to change
fundamental ideas about production in general (Crowley 1998). Inspired by the
development of a standard production line for car manufacture by Henry Ford, the
construction industry has sought to gain similar benefits of manufacturing
technologies for factory-based house production (Gann 1996). The construction
industry has made various attempts to follow the precedent of industrialization
within the manufacturing sector with the associated trends of increased efficiency,
control, quality, productivity, and overall decrease in cost per unit (Fernandez-
Solis 2008). The idea of industrialization in the 1960s resulted in new methods of
construction with advanced systems of building. Three main principles supported
the industrialization of construction: (1) standardization of building components;
(2) pre-fabrication and production under factory conditions; and (3) systems
building with dimensional co-ordination (Crowley 1998). Early attempts at
industrialization were seen as a failure because the focus was on producing certain
building components off-site which led to a lack of customer-diversified demand.

Also, on-site construction remained dependent on crafts for foundation, assembly,
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and finishing work and this combination of industrialized and craft-based
components caused structural defects, reduced quality, and building performance

problems (Partouche et al. 2008).

By the 1990s, the industrialization of construction had garnered more attention
with the introduction of Lean production to the construction industry (Yu 2010).
The challenges in large-scale production of standardized products were solved
through an organizational structure with extreme labor specialization. However,
the solution was not suitable for the industrialized construction process, given the
need for small-scale production of customized products. Lean production
provided a balance in system integration, suggesting products that are partially
specialized, with final assembly of prefabricated components provided by various
suppliers (Crowley 1998). Later, the aforementioned approaches were combined
and modularization was developed. In this new system, modules are individually
designed, fabricated in a plant, and assembled on site with the vision of achieving
efficiency through industrialization (Bertelsen 2005). Since then, modular
buildings have been produced through a manufacturing approach, but the potential
benefits of modularization have not been fully leveraged. The process of modular
construction does not fully exploit the advantages of modern manufacturing and
design technologies, which can markedly improve the production process
efficiency (MHRA 2005).

2.4.1.Modular Construction Manufacturing (MCM)

Volumetric manufacture, modular building, sectional building, modern methods
of construction, panelized building, structural panel construction, and off-site
construction are all terms in use within the construction industry to describe
construction processes taking place in factory-based environments. The main idea
underlying these terms is to minimize the production work taking place on site,
instead performing the majority of building construction processes at off-site
factories (MHRA 2006). Modular construction manufacturing (MCM) is the
general term used in this research to refer to the method of construction described

29



above, and “modular building” is the general term used to refer to the final
product produced by this method, whether a single-family residential home, a
high-rise building, or a commercial facility. Modular buildings can be built from
prefabricated components made in a factory, or the entire construction process of

the building can occur indoors in a factory environment.

The customer can order a modular building with a customized plan layout or
choose from among existing plans offered by the company. After modules are
fully or partially fabricated in the off-site manufacturing plant, they are transferred
to the site and installed on the foundation, which has been prepared prior to
module installation. Modules are then connected to one another, as well as to the
foundation. Modules are structurally independent and are totally finished inside,
containing all components, including roofing and electrical wiring. Modular
buildings require minimal foundation and both module and foundation are
typically prepared simultaneously; as a result, construction time is considerably
low, the end product is less expensive, and the construction process is more
environmentally-friendly compared to the traditional stick-built method.
Furthermore, reduced waste, defects, and accidents; better quality; and a more
sustainable end-product are achieved as a result of building modules in a
controlled environment by means of an efficient production management system
(Yu 2010). In general, modular buildings are built through a more efficient and
cost-effective engineering method that can deliver market requirements for
increased construction speed, improved quality, and rapid return on investment.
Furthermore, there is a strong motivation for owners and developers to use
modular building where speed of construction will positively affect the production

economy of scale.
2.4.2.Factory Production Line

A factory production line consists of a series of workstations, where operators
perform defined tasks on part of the product as it passes the station. The entire

production task is divided into small work elements which must be distributed
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among the stations of the line as presented in Figure 5. In some modular

manufacturing factories, the entire process is performed by human resources

(Figure 6), while, in some industrialized factories, the processes in many of the

stations are performed automatically by machines (Figure 7). In both types of

factories the production tasks are the same, although the time spent at each station

varies. The assignment of these elements to stations based on technological and

economic criteria constitutes the line balancing problem.
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Figure 5: Typical production task layout of a modular building

Figure 6: Modular factory production line driven mainly by human-performed tasks
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Figure 7: Semi-automated modular factory production line

Matching the cycle time of various activities through the production line to the
Takt time (the rate at which the customer requires products) is a line balancing
technique that supports the achievement of continuous flow. The operation times
are assumed to be fixed durations in the traditional method of production line
balancing, whereas in real situations durations vary and are defined in terms of
random variables (Nkasu and Leung 1995). Line balancing problems generally
have several sets of constraints, including, but not limited to: (1) precedence
network constraints; (2) fixed facility constraints; (3) task duration constraints;

and (4) positional and physical constraints.

Production line balancing is used either to (1) minimize the number of required
workstations for a given production processing time by assigning the optimum
number of activities and leveling the workloads at the workstations; or (2)
minimize the production processing time for a given number of workstations by
assigning the optimum number of activities and operators at the workstations. The
objective in both problems is the same: to balance the workloads through the
production line. Line balancing, accordingly, improves production process
efficiency by implementing strategies which consider variability of processing
times through the production line. Hillier and Boling (1966) have presented a

strategy which suggests that optimal productivity can be achieved by assigning
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less workload to the stations located near the center of the production line, and
more workload to the stations located close to the beginning and end of the
production line (Das et al. 2010). Related to this, one of the research objectives of
this thesis is to balance the production line through a continuous flow. To reach
this objective, a comprehensive time study is conducted to estimate the operation
time for individual tasks at each station in order to quantify statistically the
productivity rate and probabilistic duration of each task. A line balancing strategy
that meets MCM needs is then introduced to achieve continuous flow.

2.5. BIM AND LEAN INTEGRATION

BIM and Lean are two distinct concepts in the construction industry and each
impacts the construction process differently. Although the two areas are
independent and are separately applicable to the construction process, the benefits
can be maximized by integrating BIM and Lean principles. In the following
section, each concept is briefly introduced, with an emphasis on characteristics

which highlight the potential interaction between Lean and BIM.

Today, many organizations are familiar with the concept of BIM, and they
attempt to utilize it to some extent based on the collective knowledge/expertise in
this area of their personnel as well as on their given needs. Still, the application of
BIM is generally limited in current practice to the design phase, even though the
full benefits of BIM can be reaped only when the generated information is used
through all phases of the project. This ought to be considered in light of the fact
that manufacturing organizations need to continuously improve their production
processes in order to reduce operational costs and survive in the competitive
construction market (Garza-Reyes et al. 2012). BIM provides the basic data which
can be used as input for the application of Lean to the production process.
Additionally, based on the definition in the BIM Handbook, BIM provides
requirements for new capabilities in construction and supports the creation of an

integrated design and construction process that increases quality while reducing
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the cost and duration of a project (Eastman et al. 2008). BIM is applicable to all of
the project stages and helps reduce waste from the conceptual design stage, to
construction, to operation (Arayici et al. 2011). There are additional benefits of
using BIM, particularly in applying Lean to the construction process. The
procedure of generating shop drawings is simpler for any building type once the
model has been completely generated. First, a model is created in BIM, and then
the building components’ schedule, material ordering, fabrication elements, and
delivery processes are developed (Azhar et al. 2008).

The idea of integrating Lean and BIM is not new; Rischmoller et al. (2006) used
Computer Advanced Visualization Tools (CAVT) to improve value generation in
the design and construction processes. They used Lean as the theoretical
framework within which to evaluate the impact of CAVT in terms of waste
reduction and improved customer value and construction flow. Khanzode et al.
(2006) introduced and applied the concepts of Virtual Design and Construction
(VDC) to represent aspects of BIM in the Lean Project Delivery Process (LPDS).
They explained which specific VDC tools and methods can be applied to each
phase in LPDS in order to achieve the objectives of a Lean production system.
Sacks et al. (2009b) discussed a synergy between BIM and Lean, generating 3D
visualizations of a construction process for two case studies within the context of
BIM in order to facilitate the creation of a process flow and to reduce variety in
the process.

In another effort to integrate Lean and BIM, Sacks et al. (2009a; 2010) introduced
a conceptual framework for identifying the interconnections between Lean and
BIM, identifying 56 through their developed matrix. The findings from the
proposed conceptual framework proved that BIM is an essential element in
achieving Lean outcomes, and must be considered by any organization willing to
implement Lean. In a similar manner, Ningappa (2011) used three different
methods in his research to determine how BIM helps to achieve a Leaner
construction process. The first method, which was an analysis based on literature

on BIM and Lean, verified that using BIM significantly reduces waste in the
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application of Lean. The second method was derived from data gathered from a
general contractor which had implemented both Lean and BIM. The results
verified overall cost savings and change orders. The third method was an analysis
based on interviews with experts in construction with BIM experience, and the
results suggested that experts do recognize the advantages of using BIM in the

application of Lean, and particularly in waste reduction.

Sacks et al. (2010) compiled a set of requirements based on the LPS in order to
implement a BIM-based Lean production management system called KanBIM.
The KanBIM concept provides visualization of the status of a construction
product as well as of the production process, which assists construction managers
in focusing on maintaining process flow and continuous improvement. The goal
of this KanBIM research is to develop and test a BIM-enabled system that
supports production planning and day-to-day production control on construction
sites. In the same manner, Bhatla and Leite (2012) established a framework for
incorporating BIM functionalities into the LPS to improve work flow reliability at
the construction stage. They developed the framework through a case study which
involved 3D visualization and MEP clash detection during look-ahead and weekly
work planning. The purpose of implementing this method was to decrease the
requests for information (RFIs) and change orders issued, which in return resulted
in more value for the customer. In another effort, Tiwari and Sarathy (2012)
adopted the pull planning process as a mechanism for collaboration between the
design team and the construction team to prepare a constructible set of design
drawings of a case study. In this research, implementation of pull planning
reduced the post-permit design changes due to cost, constructability, or

coordination issues.

In another study, Alwisy (2010) developed an automated design system that
produces design aspects needed for construction manufacturing and facilitates
information communication. He developed an integrated computer tool for design
and drafting for the MCM process, called MCMPro that generates sets of shop
drawings. For the purpose of fully automating design and drafting for MCM,
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scenario-based analysis and BIM have been used as an integrated computer design
tool using 2D CAD and parametric modeling. Moghadam et al. (2012a) expanded
the application of MCMPro to generate building components’ schedule and fully-
detailed sets of shop drawings. Lean was utilized to optimize the work flow in the
production line based on the work to be performed at each station through the
production line. For this purpose, a project component schedule was developed to
create a VSM through an integrated process improvement (IPI) method. The
results proved the effectiveness of the model in reducing waste, time, and

resource utilization.

A number of research studies have been carried out to integrate BIM and Lean in
order to maximize the benefits of both, but with respect to MCM in particular a
gap still exists between drafting and the production line. The increased interest in
manufacturing of the building construction process demands special methods of
design and manufacturing to support automated production operations.
Manufacturing provides opportunities to apply Lean strategies for production
efficiency in the plant. To support the manufacturer’s needs for design and
drafting, a task which encompasses the incorporation of Lean into production, an

integration of BIM with Lean is proposed in this research.

2.6. DATA EXCHANGE IN CONSTRUCTION INDUSTRY

The construction process in general begins at the design phase of the built
environment. There are a number of considerations at this phase which can lead to
major cost savings: advancement of automated design to increase cost efficiency;
improvement in terms of the life cycle value of the project; and interoperability
amongst the various phases of a project’s life cycle (Neelamkavil 2009).
Interoperability is achieved through flawless data sharing with respect to a
building’s development between multiple tools and applications over the project
lifecycle of the (CRC 2007). The ability of different tools to use, share, revise,

and generate information depends on standards to define construction elements in
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a universal format (Ashcraft 2007). In the past, transferring data among various
applications was carried out by customized translators for limited tools, or was
performed manually often leading to data loss or alteration was common. A study
in the United States by McGraw Hill revealed that 8 out of 10 users believed the
obstacle in capitalizing fully on the benefits of BIM tools is the absence of

interoperability among applications (Young et al. 2009).

In the construction industry, the work process, technological development, and
produced data differ markedly among the various disciplines in the design
process, the many construction trades specialized for specific work, and the
various suppliers. Due to the lack of sufficient interoperability, data entry is
performed and results are generated separately for these various entities in what is
known as the multiple models problem (Holness 2007). There are three current
approaches to this problem, as outlined below:

1. Data exchange through BIM: The benefits of BIM are established through
shared utilization and value-added creation of a model with integrated data
(CRC 2007). In complex construction projects generally one single BIM
model does not provide all types of required information for the various
disciplines and phases. Through the design phase, architects create a
design model, whereas structural engineers develop an analysis model.
Through the construction phase, contractors produce a planning model,
and fabricators generate shop drawings and component specification lists
(Ashcraft 2007). A project design team is responsible to ensure successful
BIM implementation through the entire project life cycle by creating a
fully integrated design model with capability to add, edit, exchange, and
generate required data by all the stakeholders in different disciplines and
phases (Holness 2007). However, even advanced and high-tech BIM
models with the ability to include large portions of project information are
not able to produce all the required outputs through the project life cycle,
the result being the development of highly complicated programs.

Essentially there are different models within a single project which are
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adjusted for a specific task, since applications are developed to be optimal
for a particular area of expertise (Ashcraft 2007). Despite the ability of
BIM to develop an integrated model by creating object-oriented tools,
there are still barriers to the widespread use of BIM models, such as the
difficulty of effectively involving the entire project team and integrating
the generated information. Accurate communication between different
specialists across disciplines, and over the project life cycle, requires
standardized approaches (Howard and Bjork 2008). All the elements that
affect information sources, such as facts, figures, designs, and analyses,
must be updated continuously in order to ensure that decisions are made
based on accurate and updated information. Therefore, automating the data
exchange process through the use of BIM plays a major role in achieving

construction automation (Neelamkavil 2009).

Standards: Standards are adopted to provide universal definitions for
construction elements and systems. Development of standardized
descriptions through the Industry Foundation Classes (IFC) and IFC/xml
common model in construction industry is carried out by buildingSMART
(formerly the International Alliance for Interoperability). The need for a
standard IFC framework is better understood when one considers that, in
current models, there are differences in the capability of different BIM
software; thus data need to be translated, but a translator may not transmit
all data from one model to another. Also many translators are unable to
perform a round trip, which involves transferring data from one
framework to another, and then turning it back to the first application after
modification without losing data. If the host platform uses some functions
that are not supported in the IFC class, data loss may occur, resulting in

inconsistent models during the translation process (Ashcraft 2007).

. Adjacent models: To support inter-organizational project collaboration
which addresses different project phases, numerous information

technology (IT) systems integrating different application areas have been
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developed (Gokce et al. 2013). To take advantage of purpose-built
modeling systems and minimize the issues and problems caused by
various models, Autodesk Revit has been developed using adjacent
models constructed on a shared platform that are separate but closely
linked. This method is successful in producing the desired result when a
shared engine is in use, although it may be challenging and cause issues
when different models are being merged on engines from different
software platforms (Ashcraft 2007). The integration of data in a
construction project is generally dependent on the internal data of the
component system and is not applicable in general, and therefore cannot
be achieved through standardized data models. All these characteristics
serve to considerably decrease flexibility, multi-stakeholder collaboration,

and inter-enterprise cooperation. (Gokge et al. 2011).

The ultimate goal of this research is to advance the science of construction
automation in order to reduce the gaps between engineering, manufacturing, and
the production line for prefabricated buildings. Although the concept of
incorporating Lean and BIM is not new, automating the process of generating and
exchanging data from design to production for MCM will increase production
efficiency. The potential benefits of BIM are leveraged once the generated
information is transferred through all phases of the project to be used by all
stakeholders. There is no single tool or application that can produce all
requirements for all project phases. Hence, it is necessary to integrate different
application domains through the project life cycle to facilitate the data exchange
process. In essence, this work encompasses the development of a BIM model
which captures features related to the resources and processes required to design,
fabricate, and build a facility. The BIM-based 3D model is information-intensive,
to allow for the evaluation of project information through mathematical models in
order to minimize material and process waste, utilizing Lean in order to assess the
construction method in terms of efficiency, cost, and schedules. This information

is added to the 3D model during the design stage and throughout the progression
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of the project, making the 3D model a dynamic entity of an intelligent-repository

of project information.

2.7. PRODUCTS VARIETY IN CONSTRUCTION MANUFACTURING

Customers requesting modular-built facilities have the same demands as those in
the market for traditional stick-built facilities, which is for unique buildings that
are individually customized to accommodate customer needs. This affects
production efficiency since it involves deviating from a standard work flow
process (Nahmens and Mullens 2009). In addition, customization necessitates
frequent change and reconfiguration of the production line. Meanwhile, the key to
succeeding in today’s competitive industry is speed in innovation, production
performance, and adoption to change. Furthermore, the design of extremely
flexible and re-configurable production line layouts ensures a company’s
competitive edge in the marketplace. To assure its long-term economic success,
an organization must be able to produce customized products at the cost of
standard production (Qiao et al. 2002).

2.7.1. Lean Strategies for Products with Variation

A number of researchers have argued that Lean is an effective approach by which
to manage the trade-off of delivering a building which fulfills customer demands
with minimum effect on production efficiency and within a reasonable price and
time. Mullens (2004) has defined unique characteristics for mass customization to
design and manufacture customized products at mass production efficiency and
speed. He used Lean to define these characteristics, and suggested a similar
objective for both mass customization and Lean, which is to reach mass
production efficiencies. Tu et al. (2001) and Da Silveira et al. (2001) have
advanced the notion that Lean is an effective approach to support mass
customization efficiency. Chandra and Grabis (2004), similarly, have argued that
Lean is an efficient strategy by which to deliver customized products (Nahmens

and Mullens 2009). Notable Lean principles which enable manufacturers to
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produce a high variety of products to meet customer demands are described

below:

1. The key in implementing a pull production system is to start
manufacturing the product after receiving a signal from the downstream
customer. In this system the customer and the production line are linked
together. In the same manner, for customized products, the finished
product is built to order and produced only when the order from the

customer is received.

2. To level out the variation in day-to-day order flow, it is required to
perform mixed model assembly rather than batch manufacturing. For this

purpose a production leveling technique (Heijunka) is utilized.

3. Visual control provides up-to-date conditions. Although they can be
readily implemented in most manufacturing environments, as the degree
of customization and customer involvement increases, visual control tools

become more helpful in visualization of waste.

In a different manner, some researchers have argued that Lean is inadequate for
customized manufacturing, and that other strategies must be considered to be
integrated with Lean. Slomp et al. (2009), for instance, have asserted that Lean
control principles can be used in production control systems to create a high-
variety/low-volume production unit, and they translated these principles into a
concise production control system for a make-to-order manufacturing system.
They implemented these principles on a case study, which led to a reduction in
flow times and an increase in the service level achieved, with on-time delivery
performance improving from 55 to 80%. Stump and Badurdeen (2012) have
presented a framework that integrates Lean with other strategies, such as Quick
Response manufacturing, Theory of Constraints, and Flexible/Reconfigurable
Manufacturing Systems to make customized manufacturing more efficient. They
asserted that some Lean principles are in contrast with customized manufacturing,
as outlined below:
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1. In a pull production system, each step fulfills the requirements of its
immediate downstream customers, rather than the end-customer as
required in customized production systems. In addition, the production
line receives multiple pull signals from different costumers, considerably
affecting operations. The effect of received pull signals depends on the

degree of customization implemented by the organization.

2. The concept of Takt time is not applicable on a production line with
product variation due to the high variability of demand and difficulty of
accurately forecasting duration, especially when the factory is producing
modules with a higher level of customization. Maintaining Takt time and
production leveling are thus complicated tasks, such that they would seem

impractical for customized manufacturing plants.

3. Source quality (Jidoka) is also increasingly difficult to adapt to customized
manufacturing because, as products become increasingly customized and
variety increases, quality control on the shop floor becomes more difficult
to achieve. While self- and successor checks could still be implemented
with much lower degrees of standardization in the product and process,
these checks become less efficient. However, some degree of source

quality can be used in any customized manufacturing environment.

In this research, the effect of product variety on efficiency of the production line
and the application of Lean to customized manufacturing is studied. Also, to
present a theoretical framework by which to apply Lean and other strategies in the
system, various strategies are studied to identify their strengths and weaknesses
when applied to a customized manufacturing environment. Ultimately the aim of
this framework is to establish a productive production line flow for customized

products and demands.
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2.7.2.Scheduling for Products with Variation

In traditional scheduling methods, a fixed duration is assumed for each activity
and as a result there is, theoretically, a fixed duration for total work. In actual
cases, however, task durations are not fixed and instead duration can be
represented by an independent random variable based on probability distributions.
Accurate activity duration plays an important role in creating the schedule when it
comes to customized manufacturing, where production scheduling is not easily
predicted. A number of research studies have been presented on schedule
estimation with probabilistic duration of construction projects, but only a few
studies have focused on activities in a production line. Beck and Wilson (2007)
have developed a job shop scheduling framework and combined Monte Carlo
simulation with deterministic scheduling algorithms. In their technique, models of
uncertainty were combined with an offline, predictive schedule. Van Mulligen
(2011) has performed a time study on five modules to determine the production
times of two stations in the production line, including wall fabrication and wall
erection. He analyzed the data from a time study and formulated statistical
productivity and probabilistic durations for activities in those stations. In another
study, a decision support system for coordinated prefabrication scheduling has
been described by Chan and Zeng (2003). Key components of production
scheduling are promoted by their research, such as conflict detection,
determination of the priority for conflict resolution, generation and evaluation of
alternatives for conflict resolution, and ranking of outcomes for negotiation. To
define scheduling parameters and conflict resolution priorities, their research
collaborates using an explicit constraints-based scheduling model and genetic
algorithms (GA).

The factory production line in customized manufacturing cannot be run at a
steady pace since the activities taking place at each station are contingent upon
individual design in fulfillment of customer demand. In order to measure the
effect of product variety on the production line pace, a time study is conducted in

this research. Data is collected from a time study and analyzed for each activity in
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order to determine and formulate the statistical representation of the required
resources, including labor, time, material, and space to complete an activity. The
time study assists in identifying the key elements that affect duration based on the
predefined tasks taking place at a particular station.

2.8. SIMULATING THE PRODUCTION PROCESS

The decision to implement Lean is complicated because of the substantial
differences between a traditional system and a Lean system. What is needed is a
tool to assist organizations considering Lean to quantify, at the planning and
evaluation stage, the benefits they can expect from applying Lean. This tool
should be adaptable to the specific circumstances of the organization, and should
be capable of generating resource requirements and performance statistics for both
the proposed Lean system and the existing system (Detty and Yingling 2000).
Simulation is an effective technique to facilitate identifying changes and benefits
of Lean transformation. Simulation is a computer-based tool that represents real-
world objects and processes in order to effectively evaluate and examine various
scenarios prior to implementation and facilitate the decision-making process
(Moghadam et al. 2012b). The impact of Lean transformation can be analyzed to
determine where valuable resources should be applied before actual
implementation. This increases confidence and is likely to hasten the rate of
adoption of Lean, as it provides a visual and dynamic illustration to management

of how the new system would work (Detty and Yingling 2000).

On the other hand, to make improvements on a production line within the context
of Lean, the integration of simulation tools and Lean brings about a more
effective approach for process management. A simulation model of the production
line stream map is able to challenge the impacts of Lean application on line
balancing, as well as the results (Shararah et al. 2011). Significant impact from
random variation in the nature of modular manufacturing, as well as system

element interactions, is expected for the future-state of the system. Currently there
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is no tool in Lean which contains variability data and provides performance
evaluation of the system. Therefore, incorporating simulation modeling into the
Lean transformation process is able to provide a quantitative conception of the
potential benefits (Marvel and Standridge 2009).

In some recent studies, process flow in manufacturing has been evaluated by
means of simulation. Velarde et al. (2009) have used simulation to improve the
time and cost efficiency of flow in MCM operations based on time and process
studies. They used Arena 5.0 as a simulation tool, and the results revealed
alternative operation scenarios in order to increase the production level by almost
40% and reduce considerably the labor cost per module. Das et al. (2010) have
developed a computer simulation model by which to evaluate a number of line
balancing theories, including bowl phenomenon and performance evaluation
criteria. They applied the model to a six-station assembly line and evaluated the
minimization of the total elapsed time, maximization of the average percentage of
working time, and minimization of the average time in the system. Gregg et al.
(2011) have modeled manufacturing process flow using a database-driven
simulation design based on general-purpose simulation software. The Lean+
Process Analysis Simulation (LPAS+) is a modeling approach for simulating
scheduled task sequencing and execution. Gregg et al. incorporated LPAS+ with
work flow scheduling to model cycle time and resource usage, considering task
sequencing, task duration variability, resource requirements, maximum capacity,

and conflicts.

A number of researchers have used simulation modeling to evaluate and analyze
VSM. Abdulmalek and Rajgopal (2007) have developed a simulation model of
Lean transformation in a process sector to contrast the before and after scenarios.
They created a current-state VSM to map the existing operation of the case study
and identify sources of waste. They then developed a future-state VSM of the
system with Lean tools applied to it. Simulation of the proposed recommendations
assisted the managers to quantify the potential benefits of Lean against the cost
and time of implementing it. Marvel and Standridge (2009) have validated future-
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state VSM using simulation modeling to ensure that it effectively addresses the
current-state gap. They considered evaluation of component interactions,
structural variability, random variability, and time dependencies, along with
identification of alternatives which are not achievable by traditional Lean
assessments. They applied this process to a number of industrial projects and the
result proved the effectiveness of the validation of future-states before
implementation. Gurumurthy and Kodali (2010) have developed a simulation
model using the Queuing Event simulation tool for a case organization in order to
demonstrate improvement in performance from the current state to the future-state
as a result of Lean implementation. The simulation model showed significant
improvement in the productivity, with reduction in such resources as inventory,
cycle time, floor space, and manpower. Moreover, such approaches provide
managers and engineers with information about manufacturing process
improvements prior to the actual design of the Lean transformation system.
Shararah et al. (2011) have developed a component-based modeling tool that
combines the designing power of VSM with the analytic power of simulation.
They introduced the VSM Simulator, using ExtendSim (VSMSx) as a tool
designed to facilitate the implementation of Lean by simulating the VSM map.
Their developed model provides scenario analysis on lead time differences and
their relation to value-adding times, varying set-up times and cycle times and the
corresponding effects on inventory, and effect of altered buffer sizes and batch

sizes on the system.

Simulation tools play an important role in the application of simulation in
different industries. Simulation in construction had been limited to research
applications before AbouRizk and Hajjar (1998) presented a framework that
customized simulation for the construction industry. They used Special Purpose
Simulation (SPS) as a tool to build systems for specific purposes. Later, they
improved their approach and developed a construction simulation system, called
Simphony, which provides a set of predefined elements representing construction
requirements (Hajjar and AbouRizk 2002). Simphony.NET is a construction-
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oriented, general-purpose discrete event simulation (DES) software application
developed at the University of Alberta using process interaction concepts to create
a model. A general template with predefined element functionality enables the
user to select elements based on a required function for a specific simulation
model. In this research, Simphony.NET 4.0 is used to develop a simulation model
for the production process. The simulation model provides results for different
production scenarios, including resource allocation, crew selection, plant space
and layout configuration, equipment and material utilization, module fabrication
duration, and productivity analysis. Evaluation of potential scenarios and
comparison of the results assists management teams to find optimum production

scenarios prior to actual implementation.

2.9. POST-SIMULATION VISUALIZATION

Although the simulation tool is considered to be efficient in evaluating
construction processes, the project management team often views it as a “black
box” that can only be understood by highly skilled managers. The gap between
the specialist and the management team leads to misunderstandings regarding
simulation results, and may result in incorrect interpretations (Al-Hussein et al.
2006). The project management team is unwilling to make decisions based on
current simulation outputs, such as statistics-based charts and diagrams, because
they do not provide adequate information related to construction process
requirements (Kamat and Martinez 2000). The results and analysis are difficult to
understand, and translation of the data must be done by experts (Zhong and
Shirinzadeh 2005). Still, visualization is widely accepted in construction since it
promotes better understanding of process and performance of the construction
system. However, the model needs to be associated with the project data in order
to be effective and valuable for decision making purposes. The key aspect that is
added to the output analysis of the simulation process is visualization, leading to
post-simulation analysis. The produced results from a simulation model are
interpreted and visualized for further analysis, which is a popular and widespread
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decision making technique (Telea 2000). In this regard, Kamat and Martinez
(2001) have developed a general-purpose 3D text file-driven visualization system,
Dynamic Construction Visualizer (DCV), which allows visualization of
construction operations and enables construction planners to obtain more realistic
feedback from simulation analysis. Studies by Huang et al. (2007) and Li et al.
(2008) contributed a Construction Virtual Prototyping (CVP) system that
integrates visualization and simulation. The system can generate and modify 3D
models of building components, construction equipment and labor, and temporary
work. Although collecting input data for this virtual prototyping (VP) system is a
time consuming process, it allows project teams to check constructability through
visualized 3D models of projects. Li et al. (2009) have used VP to optimize
construction planning schedules by analyzing resource allocation and planning
with integrated construction models, resource models, construction planning
schedules, and site-layout plans. Russell et al. (2009) have described a two-way
relationship between 3D CAD software and software implementation of linear
planning, and have described the consistency of product representation in CAD
and scheduling models. They improved project scheduling by modifying
construction sequences through a 4D CAD model, and validated the project

completeness by connecting the model to 3D objects and activities.

The MCM industry is a growing industry that seeks innovative approaches to
increase profitability. To improve the production efficiency in the plant, an
enhanced tool is required to present the statistical results of changes in production
sequencing and crew selection in a visualized model to facilitate decision making.
The application of visualization to construction in general differs from its
application to MCM in terms of production flow of multiple projects, product
movement through the production line, work cell design, precedence network lead
time, plant physical constraints, and crew selection. Also, with MCM the
production progress is not measured based on the physical project progress, but
instead is determined based on the total work performed in all stations, and can be

calculated as the sum total of man-hours. Numerous studies have investigated the
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integration of simulation and visualization for on-site construction, but only a few
have accomplished this for modular manufacturing. Therefore, research in the
area of on-site construction is being carried out to develop and advance an
integrated tool for MCM production process analysis. A number of studies have
contributed to the development of visualization of construction sites via the four-
dimensional (4D) geometric model (Golparvar-Fard and Pefia-Mora 2007;
Golparvar-Fard et al. 2009; Kamat et al. 2011). They developed an automated
vision-based approach that monitors as-built progress and compares it to the as-
planned construction progress. The system matches as-planned and as-built views
with a selection of features, where the as-built photographs are enhanced and

augmented with the 4D as-planned model.

In a different manner, Zhong and Shirinzadeh (2005) presented a new
methodology for building a virtual factory by integrating 3D visualization with
discrete simulation, intended to link disconnected event simulations with 3D
animations and support rapid development of 3D animations from simulation
outcomes. The presented methodology was applied to an electronics assembly
factory to visualize the assembly processes. They asserted that the visualization
system does not require its users to have any special knowledge of computer
graphics. Nasereddin et al. (2007) have described an automated approach for
developing discrete event simulation (DES) models for the modular housing
industry using ProModel and Microsoft Visual Basic. They developed an
animated model that produces processing time and labor data. The model was
tested on a case study, and enabled the research team to propose several
improvements in the design. The complicated result from the simulation model of
the work process provided monitoring of both the visualization and the simulation
parameters simultaneously by providing additional perception through
visualization, and also provided the immediate visualized or statistical results of
making changes to the model. In this research, the simulation results of near
optimum scenarios are run to simulate the process and visualize the production

constraints. This integrated method is a post-simulation visualization model for
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MCM, with an emphasis on production efficiency. The model capitalizes on the
advantages of both simulation and visualization, where critical information such
as the 3D model, time constraints, and resource demand are incorporated into the

system.
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3. PROPOSED METHODOLOGY: “LEAN-MOD”

Modular construction manufacturing (MCM) is superior to the current on-site
construction system in terms of efficiency and cost-effectiveness, but current
MCM practices utilize the same techniques and methodology as traditional
construction sector to design, plan, build, and control the process. Although MCM
reflects some of the characteristics of both manufacturing and construction
industries, yet is distinct from both and should be seen in the class of its own
industry. Since the products of these industries vary considerably as well as
production techniques, the first step is to study their differences which are
presented in the first section. The second step is to involve theories and practices
from construction, manufacturing, and modular building industries in order to
develop new paradigms for MCM. In this research, Lean production and Lean
construction strategies are adopted for MCM industry to improve the efficiency
and productivity of production process. These adopted strategies are discussed in
the second section as “Lean-Mod” strategies. The application of proposed
strategies is presented through an enhanced integrated approach of BIM, Lean,
and simulation modeling in the third section. The proposed integrated tool fills the
existing gap between the design and production phases, and evaluates proposed

improvements prior to actual implementation through a simulation model.

3.1. DEFINING AN ENHANCED PARADIGM OF LEAN FOR MODULAR

CONSTRUCTION MANUFACTURING

Manufacturing has been a reference point and a vital source for innovation and
competitiveness in construction for several decades, having contributed
disproportionately to research, development, and productivity growth. Some ideas
in construction come directly from manufacturing, such as industrialization and
repetitive process scheduling, while others have their origin in manufacturing,
including computer integration and automation (Koskela 1992). The term, Lean

production was first coined by Ohno (1988), whose research focused on waste
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reduction in the Toyota Production System (TPS) and introduced a new form of
production which is neither craft-based nor mass production. One of the first
studies to adapt the Lean production concept to the construction industry was
carried out by Koskela (1992). This study challenged the implementation of Lean
production philosophy within the construction industry and presented an initial set
of principles as implementation guidelines to create flow processes in

construction.
3.1.1. Comparison of Manufacturing and Construction Characteristics

There are basic similarities between manufacturing and construction. Both are
production industries that make products. In manufacturing units of the same
product are manufactured continually, while in traditional construction unique
products are constructed one at a time. Also, in both industries stakeholders seek
to thrive in challenging markets, making profits by delivering high quality
products to customers. These similarities provide opportunities to share
innovations, experience, and findings between the two industries (McCrary et al.
2006). However, despite these similarities, construction and manufacturing are

distinct business processes, as the points below demonstrate:

1. Working environment: Construction projects usually take place outdoors,
where unavoidable uncertainty exists related to weather and soil
conditions, whereas in manufacturing the impact of on-site physical
conditions is eliminated by working under a controlled and safe indoor

environment, which increases control over the process.

2. Product: Manufacturing in general consists of a standardized production
method for a group of similar products. Construction, in contrast,
generally involves one-of-a-kind and unique projects such as buildings,

bridges, or roadways.

3. Organization: Construction typically involves various contractors which

are contracted by private individuals or government. Therefore each
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project is completed by a temporary association of multiple organizations.
Manufacturing companies, on the other hand, are permanent organizations
employ workers who typically work each in a particular division of the

production line.

Customization: In general manufacturing takes advantage of a
standardized production method to produce standardized units with a
limited level of customer-driven customization. In construction, customers
play a key role in defining their demands as well as the product

requirements and features.

Resources: Manufacturing relies heavily upon equipment, and
manufacturers seek to procure advanced equipment to improve production
efficiency, considering the trade-off between future growth and machine
depreciation. In construction, typically the majority of work performed
manually by workers using hand tools. The decision of whether to
purchase or rent large equipment, such as cranes and trucks, for projects is

based on time-value analysis to minimize ownership and operation costs.

Supply chain: Material ordering in manufacturing takes place based on the
activity sequence, which is defined by the design of the product and is
limited to the plant layout. Product detail and scope is precise and
therefore material requirement calculation is simple and arithmetic in
nature, based on the master production schedule, inventory records, and
product component lists. In construction, materials constitute a major
expense in construction, so procurement is handled by competitive
bidding; this process does not allow sufficient time for prefabrication. The
quantity take-offs are not completely precise, and material requirement
calculations usually account for variance due to inaccurate estimation and
waste. Material ordering in construction is based on the project schedule
and contractors’ scopes of work, since materials are used by specific

crafts.
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7. Quality: A quality management system in manufacturing is supported by a
permanent organization in the plant, whereas, in construction projects,
quality requirements are generally defined by a number of stakeholders
and the final requirements are approved by the owner within legal bounds.
Quality in manufacturing is related more to process control and rework is
generally avoided. In some cases, defective parts are discarded rather than
repaired. In contrast, quality in construction is more related to product
compliance with the given specifications. Also, rework is a common

practice since only one final product will be delivered.

8. Work flow: In manufacturing, work begins and moves through the
production line based on the plant layout and predefined workstations. The
utilization of material and equipment is clearly defined. In construction,
work occurs throughout the jobsite based on the construction plan. Since
there are no physical workstations on construction sites, overlap detracts

from efficient material usage and work flow.

9. Schedule: In construction, different contractors are responsible for
different aspects of the project, and each creates a work plan in their own
interest to minimize risk for their organization. As a result, localized
scheduling leads to overlapping activities performed by contractors, which
disrupts the overall project schedule. As such in construction it is difficult
to maintain a fixed schedule which aligns the interests of all stakeholders.
The repetitive work process in manufacturing provides a reliable work
sequence which helps to ensure completion of all requirements before

starting a task so that schedule constraints are satisfied.
3.1.2.Comparison of Lean Production and Lean Construction Strategies

As discussed above, the term, “Lean”, was first coined to refer to the waste
reduction of TPS and to contrast TPS’s novel approach with craft-based and mass
forms of production. Later, Lean implementation within the construction industry

emerged as a new challenge for researchers. A few researchers believed in the
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generic applicability of Lean and proposed to directly apply Lean production
principles to construction, whereas a number of other efforts were made to
interpret Lean production strategies and define construction as flow to in order to
develop alternative Lean strategies for construction. Similar to that for Lean
production, the focus in Lean construction is on reducing waste and improving the
process continuously by considering construction projects as temporary
production flow. However, although Lean production and Lean construction share
this common basis, some strategies are developed specifically for the application

of Lean in either construction or manufacturing:

1. Lean production is involved with repetitive runs in the stable condition of
factories. Activities and resource allocation at stations along the
production line are predictable, which facilitates achieving a process flow.
Since Lean construction deals with production of units of a single product,
limited historical data is available pertaining to the activities and resource
allocation plan from previous projects. Also, the construction environment
is not dividable physically to individual stations with assigned tasks and
resources. Process flow management is a more difficult task on
construction projects, where various contractors with different schedules
and points of interest are involved. Therefore improving the flow of work
in Lean construction is defined using altered tools such as visual control of

process.

2. Production leveling in Lean production controls the flow variability
caused by fluctuating demand. In manufacturing, level of production is
controlled by minimizing produced batch sizes in order to manage demand
variability. A small batch size demands small adjustments to the sequence
of products and resource allocation to optimize the production volume. In
construction, production leveling addresses the impact of trade completion
time on the overall completion time of a project. Lean construction
controls flow variability by ensuring on-time completion of individual

assignments at the operational level.
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3.

In Lean production, standardized work is a baseline for continuous
improvement and the emphasis is on both product and process
standardization. Standardization includes single production rate for each
process as Takt time with no variability, a precise work sequence
performed repeatedly in the same manner, standard product design to
reduce set-up time and process time variation, and standard inventory to
create a continuous production process. In Lean construction, since each
product is unique, the project is adopted as the production system.
Standardization includes visual management (posting project information
such as schedule and cost); workplace organization, such as the
organization of jobsite resources for efficient project execution; and
definition of work processes based on documentation.

Material delivery systems in Lean production ensure efficient material
movement by integrating the supply chain to the value stream and
facilitate continuous flow. They also improve production process
efficiency by eliminating waste such as material transportation and waiting
time for material arrival. One strategy is Just-in-time (JIT), which ensures
the necessary parts are obtained at the required time and in the proper
quantities. The JIT system is primarily designed for repetitive
manufacturing processes with relatively stable product demand. Lean
construction creates strategies to smooth the flow of materials to the
jobsite, and involves creating short-term schedules for project tasks based
on resource constraints. Material delivery planning requires visible
material availability through the supply chain and jobsite inventory, and
short response times that ensure the lowest cost for materials from

suppliers.

Jikoda is a strategy in Lean production in which a preventive action is
taken to avoid defects at the source so that they do not flow through the
process. For this system to be effective, every machine and worker must

be completely capable of producing repeatable, perfect-quality output at
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the exact time required. Workers are responsible for checking quality as
the product is produced. In construction, design and drafting has a major
impact on the overall performance and efficiency of construction projects.
Lean construction concentrates efforts on defect prevention during the
design process and on the job site to ensure first-time quality compliance
on all tasks, since defects are difficult to resolve after they occur. Planning
at the assignment level should target the production line, which is the point
at which to stop and ensure that no defective assignments are released

downstream.

In Lean production, a task starts after completion of preceding tasks in the
production line. The schedule is presented in VSM and controlled by lead
time and Takt time, which is the production rate at which tasks must be
completed in order to meet demand. The developers of Lean construction
invented the Last Planner System (LPS), which is a high-level planning
technique that addresses project variability in construction. LPS is a
reverse-phase schedule which relies upon the completion of tasks and
pulls assignments. A task is started when all prerequisites are at hand,

whereas in traditional practice a task starts according to master schedule.

3.1.3. Lean for Modular Construction Manufacturing

Modular construction is capable of achieving high productivity improvements due

to the benefits of the manufacturing environment. Currently MCM still utilizes the

same techniques and methodology as the traditional construction sector to design,

plan, build, and control the process. It is thus required to modify production

strategies for MCM to accommodate its unique characteristics. MCM reflects

some of the characteristics of both the manufacturing and construction industries;

therefore, it cannot be understood to be exclusively either manufacturing or

construction. Since the products of these industries vary considerably, as do the

production techniques, the first step is to study their differences, then to bring
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together theories and practices from these industries in order to develop new

paradigms for MCM.

Products of MCM have the same characteristics as products in the traditional
construction industry, but the production process garners the same benefits as
manufacturing: (1) usually products are unique and customized to satisfy
customers demand; (2) the construction process takes place under a controlled
environment and a complete module is transported to the site to be assembled; (3)
the layout of the factory provides the opportunity to divide construction tasks into
small work packages with defined resources which are assigned to workstations
along the production line; (4) a permanent management team deals with the
production process and the involvement of temporary trades in the process is
reduced; (5) resource requirements, including equipment, machinery, and human
efforts, depend on the task during the process; (6) supply chain management
supports effectively the manufacturing process productivity, considering mutually
the sequence of the tasks and the target time as key decision milestones; (7)
although the life cycle of each module is limited to its duration, the repetitive
manufacturing production process provides capabilities in terms of research and
training; (8) each product leads to one final product which cannot be replaced if
defective; (to prohibit rework, quality control focuses on both process and
product, supported by repetitive design of the production process to eliminate
defects); and (9) although estimated scheduling is predictable for each product,
overall scheduling is required in order to consider the consequences of individual
schedules through the entire production line, where gaps or overlapping may

occur.

In the past decade, due to increased interest in manufacturing of modular
buildings, there has been recognition within the MCM industry that it is essential
to make improvements to the production process in order to meet market demand.
In seeking to reach this goal, the benefits of Lean production have been
recognized by the MCM industry and Lean principles have been implemented to

some degree. The benefit brought by Lean to the MCM industry, however, has
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been limited due to the inconsistent and incomplete application of Lean principles
and tools. Many argue that existing Lean principles are applicable in any industry,
including MCM, despite the differences among manufacturing, construction, and
MCM. Nevertheless, Lean principles are taken as a whole and the basis remains
the same. However, technical elements in Lean production or Lean construction
are not sufficient to achieve the Lean goals for MCM, thereby demanding a new
framework to exploit the capability brought by modularity. The MCM industry
needs an approach that links adopted Lean principles to associated tools in order

to achieve the Lean goals.

3.2. STRATEGIES FOR ADOPTING LEAN-MOD

Currently there is no specific strategy for Lean implementation in MCM, although
one could argue that existing Lean principles can be applied to any industry. It is
important to have a thorough understanding of the production environment of
modular construction, as well as its differences and similarities to the
manufacturing and construction industry. The unique characteristics of MCM
necessitate improved principles which can adequately fulfill the production
efficiency demands of modular construction. In this research, Lean production
and Lean construction principles are thoroughly studied and based on the unique
characteristics of the MCM industry, Lean principles are modified accordingly to
satisfy production efficiency requirements. The adopted Lean-Mod strategies are

discussed below.
3.2.1.Production Leveling

An important concern within Lean is production leveling, whereby work flows are
created between production workstations. Leveling the production and creating a
continuous flow depend directly on the quantity of demand, which is determined
by the market, and type of demand, which has to do with customer preference.
Currently, MCM fulfills a small but growing percentage of the total construction

industry market demand. Although demand for modular buildings is subject to
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consistent change caused by economic conditions, existing building stock, land
availability, financing, and customer preference, the MCM market is still nascent.
In addition, modular buildings are bulky, and the process of transporting them
from factory to site is constrained by module dimensions, routes, roadway
regulations, permitting fees, truck capacity, and cost for long distance
transportation. Therefore, the limited MCM market does not benefit from
continuous and secured demands, and products that enter production vary in size,
structure, layout, feature, and finishing based on the market and customer
demands. The job sequence to manufacture modules is based on a first-in / first-
out model due to limited demand, a condition which limits the opportunity to
optimize the sequence of job. Demand variation causes deviation in the
production rate and affects continuous flow of production. The production rate
needs to reach a demand satisfaction level. A low production rate increases lead
times and threatens the market which depends on rapid construction and thus,
faster return on investment over site-built competitors. A high production rate
causes over-production and increases inventory level and, hence, overall cost.
Furthermore, a high production rate with limited demand leaves resources idle,
which is a form of waste and an uneconomical behavior caused by unleveled

production.

MCM provides the opportunity for Lean application and implementation of Lean
tools and techniques, including pull system to avoid over-production and pull
from the end-customer (including both internal and external customers);
supermarkets to control inventory; and visual control tools such as Kanban cards
or Heijunka box to eliminate under-production and over-production. In MCM,
because of fluctuations in customer demand, the production rate must be designed
in such a way as to deliver a wide range of products in a continuous production
flow. For this purpose in addition to current Lean strategies, the production
leveling is required to be combined with resource leveling technique. Since

different product has different Takt time, the challenge is to balance the resource
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requirements including labor, equipment, space, and material through the

production line.

Labor requirements vary widely from module to module due to product
fluctuations. For example, a residential module in a second floor that comes with
roof requires roof insulation and shingle installation, whereas a module in a first
floor does not require roof activities but requires cabinet installation. Figure 8
shows labor requirements for two modules that vary in size and layout. The total
labor requirement for a 1,584 sq ft module is 729 man-hours, whereas the total
labor requirement for a 665 sq ft module is 334 man-hours. The number of labor
personnel at each station is the same for both modules, but production rates varies
due to module size variation. Also, the labor requirement for each activity varies
for the two modules; for example, drywall boarding is recorded to require 56 and
24 man-hours for the two respective modules. Labor requirement fluctuations also
affect production continuous flow: (1) Takt time varies station to station and also
module to module; and (2) the station with higher labor demand is a bottleneck in
the production line, whereas the station with a lower labor demand stays idle.
Figure 9 shows the labor requirements of six modules fabricated back-to-back. As
two examples: (1) the labor requirements in the taping station for six modules are
recorded to vary from 24 to 64 man-hours, and (2) the labor requirements for two
succeeding stations such as insulation and drywall boarding, for one module are
recorded to be 22 and 60 man-hours, respectively.
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Figure 9: Labor requirement for production of succeeding modules

This study shows the effect of demand variation on labor requirements at different
stations through the production line. To level the production of modular
construction, it is required to balance labor requirements and define the Takt time
and labor requirement plan based on each product specification. Labor personnel
are divided into groups that are each responsible for a specific task, such as
drywall boarding or taping. Groups are restricted to a specific workstation on the
line but, based on the labor requirement plan, multi-skill labor personnel are free

to migrate upstream to increase the production rate of a module being
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bottlenecked. Figure 10 presents required time for 11 modules at the flooring
station with two labor personnel. The assignment of work is based on the given
activity and not a schedule. For example, for preparation, activities such as
measuring, marking, and nailing hangers are assigned to labor-1 and cutting joists
to size is assigned to labor-2. Work is in not necessarily divided equally in terms
of duration. On the other hand, duration varies from module to module depending
on size and layout. To balance the labor requirements, the near optimum Takt
time for flooring station is found to be 14 days. Figure 11 shows the balanced
crew assignment; in this case two permanent labor personnel are required for the
flooring station, and based on module requirements a multi-skill laborer may join

the crew to catch up the Takt time by increasing the production rate.
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Figure 11: Balancing labor requirement using flexible crew size
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3.2.2.Customization and Standardization

MCM customers have the same interest as those in the market for traditional
stick-built facilities in buildings that are individually customized to reflect their
needs. The challenge in MCM is to leverage the benefits of standardization that
facilitate production line operation, while considering product customization and
delivering a wide range of customer choice. This, in turn, affects production
consistency and causes the process to deviate from standard practice. Although in
modular construction products are not as precise as products in manufacturing, the
fact that modules are assembled through a production line entails the opportunity
to apply the Lean strategy of creating one-piece flow. In MCM the organization of
production stations to create one-piece flow is a critical process because the line
stations must be balanced and meet the labor targets in order to complete tasks in
different stations simultaneously. In the Lean transformation process for modular
construction, controlling the level of customization is a formidable challenge
when the effect of line balancing on the future state is not known. Therefore, it is
suggested that the manufacturing process streamline the type of products and
standardize the tasks that are taking place in each station in order to create a one-
piece flow and control the production speed until a steady-state production
process is reached. Once the culture of a given plant is shifted toward embracing
the application of Lean, a higher level of customization can be considered for the

production process.

In manufacturing organizations that rely heavily upon human resources for
building production, data about the unique design of each building assists with
estimating the required time and cost for labor at each station. The estimated
required time needs to match the target time, which is planned based on a
balanced production through a one-piece flow process. For this purpose, different
production process scenarios are analyzed by moving labor around the line station
to match the different labor components of products of varying scopes. The goal
is to find the optimum line balancing scenario which meets the target labor time

and cost, such that the production line is set-up based on buildings’ unique design
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requirements. The adopted Lean-Mod strategies to meet the customization

requirement suggested in this research are as follows:

1. Leverage the advantages of BIM for each unique design: The information
about the building components’ properties can be extracted from the BIM
model and be used to estimate the resource requirements for each specific
building. In order to meet the production balancing goals, the production
line must be reconfigured based on the optimum resource allocation
scenario for the unique specifications of each building. On the other hand,
creating standardized components to be used in all types of products helps
to reduce deviation in production. Since the goal is to meet customer
demand, the level of standardization is limited to a small set of
components to be prefabricated off the line and assembled through the
production process. The BIM model supports the challenge in designing

assembly parts with ease of assembly in the production process.

2. Design components as standard sub-assemblies: Although standardization
cannot be applied to every aspect of a the process for a given MCM
product due to product variation, prefabricated components are required to
be designed as standard sub-assemblies that fit to any module.
Interchangeability leads to higher productivity and improves work
performance. The level of interchangeable sub-assemblies depends on
plant capacity, module type, and manufacturing technology. Sub-
assemblies vary from small components such as prefabricated HVAC and
plumbing pipes joined together, to prefabricated modules, such as

washrooms and kitchens.

3. Design flexible resource arrangements incorporating labor, equipment, and
space: For this purpose it is suggested to (1) train a number of multi-
skilled labor personnel who can move between various workstations in
order to balance the labor load and reduce the labor requirement variance

resulting from production reconfiguration. The use of multi-skilled labor
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provides a flexible labor arrangement by which to move resources into the
workstation with more complex tasks, which makes it possible for
complicated products to be moved at the same pace as simpler products;
(2) develop flexible equipment to facilitate layout rearrangement and
reduce set-up time and balance production time; (for example, a flexible
roof jig and platform that can be adapted quickly to mimic the exterior
walls of any building to be produced will reduce the set-up time for
different roof designs); and (3) arrange the plant layout and workstation
area to occupy flexible space which can be increased or decreased in size

and also can be combined with another station if necessary.

Standardize the process by documenting a Standard Operating Procedure
(SOP): A standard approach is identical through the entire process and for
every module fabrication. The advantage of process standardization is that
uniform terminology can be developed to improve communication and
ensure mutual understanding. SOPs are documented and displayed on a
board at each workstation. One particular task is required to be performed
in a unique procedure for multiple times when specifications are the same.
Process variation caused by different module specifications must be
described through the SOPs. The work procedure of SOP includes the
sequence of activities taking place in the workstation with detailed
techniques by which to perform each task; required materials and tools
along with their locations; hazard and safety concerns; and required

number of labor personnel, along with their specific responsibilities.

3.2.3.Scheduling

In traditional scheduling methods, a fixed duration is assumed for each activity

and as a result there would be a fixed duration for total work. In the real world,

alternatively, task durations are not fixed and instead duration can be represented

by an independent random variable based on probability distributions. The

probabilistic duration is defined with individual data distributions for each
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workstation, such that it defines the most probable duration and man-hour
requirements through the production line. The probabilistic duration is useful for
cost estimation purposes and overall production evaluation. Generally,
management teams focus on target man-hour requirements calculated using
historical data or ideal-state estimation; therefore, the use of probabilistic duration
results in more precise cost control information. On the other hand, accurate
activity duration plays an important role in creating the schedule when it comes to
developing production flow for customized manufacturing where the production
schedule is not easily predicted. Scheduling is therefore required in order to
reflect exact work duration for labor allocation planning and production leveling

purposes.

There are various scheduling methods in construction and manufacturing
practices. In Lean production practices, scheduling is done through value stream
mapping (VSM) and Takt time calculation for working cells in the production
line. In Lean construction practice, LPS is a production control technique by
which to predict work flow. In traditional construction practices, Critical Path
Method (CPM) creates a schedule based on the work breakdown structure of the
defined scope. In projects with repetitive tasks, the Linear Scheduling Method
(LSM) focuses on continuous resource utilization. According to MCM scheduling
requirements, the combination of the four methods brings about a more effective
scheduling plan. In MCM the product is fabricated and assembled through the
workstations of the production line, which define the Takt time for the production
and must be finished on time in order to deliver the product on time. A resource
allocation plan fulfills these activities’ requirements to guarantee on-time delivery
of the product. These activities are thus placed in the critical path of the
production. There are also secondary activities taking place simultaneously,
including supporting activities such as material handling and off-line activities
such as component assembly to feed the line station which are not critical and
have float to be completed. A sample module schedule is given in Figure 12

showing on-line, off-line, and critical tasks.
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. Task Hame e 1|2|3|4|5|6|7|8|9|20|12(12|23|24|25|26]127|128|19|20
1 | Cut Floor Joist [ o
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3 | Prepare MEP Equipment| 3h |

4 | Preliminary MEP [ 2n 'HL‘C

s | Cut Roof Truss am o |

6 | Frame Roof 7 | L=

7| Cut Wall Component | 4h [, 0 |

§ | Frame Wall 11h | U |7

9 | Set Wall 7.5h | I 1 C

10| Rough-in 10h | =

11 ‘anl Door & Window 8h [ J,:‘ o

12| Exterior Door&Window | 4h | = %

13 | Install Insulation sh | -c |

14| Board Drywall | Lam £

15| Taping & Mudding sh | |§!T Lo

16| Roof Shingle [en | X T

17| Texture & Prime [“on | } -

18| Exterior Finishing | 10h | - | |

19| Sanding & Paint [T12m U c

20 Interior Finishing 1 | $h | -

21| Prepare Cabinets | 5h =0

22 Cabinet Installation ‘ 3h | ]-Ij{

| Flooring [ o . =

24| Interior Finishing 2 | b H C

25| MEP Finishing [ | Lo c

26 | Final Paint [ e Lam c
27| Wrapping & Cleaning | 6h lum, ¢
28 QC & Load-out [ an lwc

B T -On-line Task W C-Critical Task O - Offline Task

Figure 12: Sample schedule to fabricate a module

The challenge in modular production is achieving continuous work at each
station. In this regard, a schedule must be generated for all individual modules to
be fabricated through the entire production line considering production constraints
such as activity sequence, location (workstation), equipment and material
requirements, and labor utilization. Figure 13 shows a schedule of four sample
modules which vary in size and layout but which are fabricated back-to-back in
the production line. In this linear scheduling graph, the horizontal axis plots time,
the vertical axis plots workstation progress based on the moving module through
the production line, and the sloping lines represent production rate. The
technological predecessor is based on the sequence of activities, and the crew
must have completed work on a given module before the next module moves to
the station. Since products vary in size and layout, the production rates vary for
each module at each station.

For example, the work on module 1 at station 3 starts at day 38 and ends at day 40;
this module then moves to station 4 and module 2 moves to station 3 (A). After

work completion on module 2 at station 3 it moves to station 4 and module 3
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moves to station 3 immediately (B). The work on module 3 at station 3 is
completed at day 56 and it is ready to move to station 4, but the work on module 2
at this station finishes at day 61, so module 3 has to wait 5 days until station 4
becomes available (C). Meanwhile, following work completion on module 3 at
station 3 at day 56, the crew cannot start work on the next module, module 4,
because this module is still at the previous station, station 2, and work completes
at day 59. The crew must wait for 3 days until the next module moves to the
station (D). In order to eliminate crew idle time, all activities on previous modules
can be delayed so the crew works continuously (E). Although this option
temporary solves the problem, in order to find the most effective scheduling
technique for MCM a combination of existing techniques is proposed. In this
strategy individual tasks are ranked to use the total float in order to optimize
resource utilization. The combination of CPM, LPS, LSM, and VSM provides an
informative plan by which to define pull intensity, work float, production

progress, and percent planned complete calculation.
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CPM scheduling provides the flexibility that Lean practice requires in order to
meet the demands of project stakeholders and to deliver value to teams with
different required delivery targets. Therefore project stakeholders negotiate for
duration and work sequence considering overall production plan and downstream
trades by the look-ahead schedule in LPS, which shapes the sequence and rate of
work. A detailed work plan specifies handoffs between modules at each station
and the backlog of ready work. Milestones are defined for non-critical activities
such as just-in-time delivery dates. A logical plan is then assembled based on
stakeholders’ opinions through stream mapping sessions, as well as on calculated
start and finish dates based on relationships which detail the crew requirements.
After calculating the lead time and Takt time for the critical activities through the
production line, total float is calculated in order to level resources where needed,
and production constraints are defined for repeated activities in LSM. As
presented in Figure 14, the ideal production schedule is obtained when stations
have equal Takt time and production rate, such that within a certain period of time
each module can be completed regardless of variation in size, layout, or

specifications.
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Figure 14: Ideal production line schedule for sample modules

In the real world it is not practical or rational to force activities to take place with
equal production rates since this increases labor requirements in addition to

creating high variation in labor utilization. Instead, imposing an equal Takt time
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for all the on-line critical stations is a more effective and practical means by
which to create a continuous flow through the production line. In this practice, a
group of multi-skilled labor is required to work in any stations where needed.
Table 1 presents the number of required labor for each module at each station in
order to achieve a uniform Takt time throughout the production line. To schedule
and arrange labor to best suit the increased man-hours at any time while
minimizing total number of labor personnel, the objective function for labor

balance is defined in Equation 1.

Equation 1: Labor balance objective function
S

w
Minimize Z Xij
i=1 j=1
where:
W = Number of multi-skilled labor, i = {1,..., W};
S = Number of available stations to travel between, j = {1,..., S}; and

Xij = Number of multi-skilled labor personnel assigned to stations.

Table 1: Resource plan allocation for scheduling
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In Lean practice, the VSM is a tool by which to control the production rate and
product delivery time. VSM becomes complicated after adding sub-assembly
stations and supporting milestones. Sub-assemblies are supposed to occur
simultaneously and end at the same time in order to be fed to the production line,
but in real situations they have different yield times and error rates. In order to
combine sub-assemblies to the main stream in VSM, it is required to consider a
default production rate for feeding the production line which reduces the work
flexibility and leads to inventory in sub-assemblies. The statistical calculations of
Lean tools alone are in this regard inadequate for MCM, since it is necessary for
judgments and probability rates to be generated in addition to the outputs of these
tools. The adoption of VSM for MCM is discussed further in the following

section.
3.2.4.Production Flow

The production line in MCM typically follows a straight line, U- or L-shape,
double parallel, or a combination of these. Workstations vary in number from 15
to 30 stations and consist of a broad range of construction and fabrication
activities. There are typically 20 to 30 key activities, with each broken down to a
number of sub-activities. Each group of activities is performed by a separate crew
at an individual station. Some activities require special equipment or facilities,
such as an assembly that requires the use of an overhead crane, or a door
installation that requires painting an area prior to installation. Other activities are
constrained to job sequence. The production process in the plant starts with
framing sub-assemblies such as wall, floor, roof, and ceiling, which take place on
off-line workstations. Sub-assemblies are fed to on-line workstations that
typically start with setting walls on the floor and assembling the roof/ceiling on
top of the walls. Precedence networks between activities are complex in terms of
creating balance between job sequence and time constraints. A typical production
flow is displayed in Figure 15. In Lean practice activity boxes indicate a
continuous product flow and tasks are divided at the places where the product

flow stops, and the process is plotted as a VSM.
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Figure 15: Typical task flow chart for modular construction manufacturing

VSM was first developed in the automobile industry and has been used
extensively and effectively in manufacturing for a limited family of products.
However, in the context of MCM, utilization of VSM is complicated by the high
product variation and low volume demands, making the current VSM method
impractical in creating continuous flow. Also, the production process consists of
hundreds of activities, each with a complex predecessor activities network, which
barely fit on one single map. Dividing the entire production process into a number
of phases with individual VSM, makes the process a complicated one for the
VSM team and other stakeholders to handle, and the fragmented flow makes it
difficult to synchronize the Takt time. Furthermore, the current definition of some
of the statistical measures used in VSM, such as cycle time, up-time, available
time, and inventory are not applicable to MCM. Figure 16 shows the current state
of a residential modular factory fitted into a value stream map. Durations in the
manufacturing of modular buildings, due to the high variation throughout the
production process, are displayed with data distributions best fitted for each
workstation, which is in contrast to typical VSM, wherein attributes are presented
in constant value. There is no inventory of product between workstations since
modular buildings are generally made to order and also due to the physical
constraints of fabrication plants and the limited space available for bulky
modules. The production schedule is generated once the design department
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releases the job start notification to the plant, and the production manager

arranges the upcoming schedule.
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Figure 16: Current-state VSM of a residential modular factory
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A set of icons and symbols are used to represent process and flow in generating
VSMs, as summarized in Appendix B. In MCM, due to the large number of
activities during the production process, it is required to assign different types of
parallel group activities to one workstation such that multiple crews work on the
same module concurrently. In VSM every station therefore needs to be divided
into a number of sub-stations to reflect associated attributes, including process
time, number of labor personnel, and yield throughput. On the other hand, due to
the duration variation of activities in the process for different modules, it is
common that some activities extend to subsequent workstations. The production
line moves according to Takt time or based on the push system; a module
therefore leaves a workstation regardless of activity completion. Otherwise, if an
activity is not completed on a module, then neither the module nor any upstream

modules move. Further activity completion forces a crew to float over multiple
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workstations carrying necessary material and equipment with them in order to

finish the job; this makes measuring processing times accurately a difficult task.

In order to increase the level of control over the production flow, the VSM is
modified in order to map the production process in such a way as to reflect two
types of duration—fixed and variable—in terms of man-hours. Fixed durations
remain consistent throughout the production of different modules, while variable
durations depend on modules’ specifications and change from module to module.
In each individual station, various numbers of activities that differ in duration type
are performed on a module. Therefore, all production activities must be reviewed
once to categorize activities to ensure accurate production planning. For this
purpose, one useful technique is process mapping using stick notes, as presented
in Figure 17. Process mapping displays the sequence of activities which occur
within the production process and identifies the responsibilities of work crews. In
this approach, every individual worker is involved in process mapping, presenting
their tasks on sticky notes with arranged sequences. After this step, the process
map is documented for future planning as presented in Figure 18. In this process
activities that have fixed durations regardless of modules’ specifications are
specified as the baseline for labor allocation. Other sets of activities with variable
durations are estimated by means of quantification rules based on modules’
dimensional properties. The total duration of both sets of activities define a proper

resource allocation plan.

Figure 17: Process mapping through stick notes on the wall
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Figure 18: Sample process map for one station
3.2.5.Material Ordering and Material Handling

An efficient supply chain management system, including material ordering and
material handling through the production process, supports continuous work flow
and increases production efficiency. For this purpose, it is required to identify
types of materials being used in the modular fabrication process and the
associated requirements for the ordering schedule. There are two types of material
and components which need to be purchased for production: stock inventory and
stream inventory. Stock inventory includes materials, components, and
consumables that are common for all modules and could be purchased in bulk and
are kept in the warehouse. Stream inventory refers to materials and items that are
ordered and loaded-out at the staging point of each station according to its

consumption schedule.

The production strategy to create a continuous and smooth material flow and
reduce in-process inventory is the use of just-in-time material ordering throughout
the production process. The material ordering schedule for stock inventory is

defined using the inventory planning technique, which involves analysis of cost
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versus quantity to optimize min-max inventory system with enhanced
replenishment rules. The ordering schedule for stream inventory is based on lead
time arrival calculation and inventory planning in order to find the most efficient
point of ordering. Material lead time is the time between initiation point, which is
the time at which an order is placed, and execution point, which is the time at
which material is received at the plant ready to be used. Lead time calculation
must be integrated with the BIM model to automate estimation of ordering time
based on material take-offs and component schedules. Material ordering for

stream inventory occurs in three stages:

e Long lead time items take weeks to arrive in the plant, so they should be
ordered in the early stages of the project.

e Job start purchasing items have a predictable lead time arrival, so they
should be ordered based on the station schedule. These can be stored at the
station a day in advance to be checked for quality and confirmed for a job

the following day.

e Through-stage purchasing items include items and materials that are
required for an on-site job. Site job materials are extracted from the BIM
model and ordered based on estimated ordering schedule.

Another strategy to support the maintenance of continuous flow in production is
material handling throughout the process. Efficient material handling requires a
standardized procedure for receipt, checking, storing, controlling, protection, and
issue of material for production. In order to control material flow, a Kanban
inventory control system is used to replenish materials. A Kanban is a visual
signal indicating a need for replacement or refill of material. Kanban cards must
be filled out indicating a reason code with job number for future reference for
load out and estimating purposes. The material handler picks up Kanban cards
daily from each workstation and performs the necessary replenishments. Extra
material left after job completion are tagged on a Kanban card as estimated error

and are used for future estimating purposes. Material handlers check workstations
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for Kanban signals, move required material to workstations, and locate inventory.
A workstation foreman ensures that received material is tagged, organized, and
adequate for jobs according to the receiving date, and posts the Kanban card upon
receipt of the materials in order to adjust the inventory.

3.2.6.Quality

Quality control in MCM is focused on process control and product conformance.
Since the MCM process produces unique products which cannot be discarded if
defective, rework is generally accepted in current practice in order to prohibit
defects and deliver a foolproof product. The challenge in MCM is to eliminate
this rework from the production process while maintaining the quality demanded
by the customer. The adopted strategies to meet the quality requirement are as

follows:

1. To prevent design defects and clashes through the design process, quality
needs to be targeted at the evaluation level. Value engineering (VE) is a
method by which to improve the value of a product, and can be used to
review the design process and improve production efficiency by reducing
rework and defects. The new product must be reviewed in the early stages
of the design process by the VE team, including all stakeholders who are
involved in the production process. The design is reviewed through the
first VE meeting to confirm the constructability and cost effectiveness of
the product. Another VE meeting is held after producing the design
drawings with the objective of reviewing the production process in detail
at the workstation level and visualizing the production using BIM prior to

actual implementation in the plant.

2. To prevent product defects through the production process, quality also
needs to be targeted at the tool level within the organization. It is the
responsibility of every person involved through the entire process to
deliver a set of guidelines and standards for quality for the job to be

performed. Developed standard practices and instructions for tasks taking
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place, from the design phase to fabrication and assembly, must involve
quality control and safety components in the job description. Since quality
in construction can be translated to different levels of satisfaction by
different trades, measurable standards must be defined, such as ratios of
variances, which are practical for a defined pace of production. These
standards are required to be measured repeatedly during the production

process in order to build in quality.

. To prevent the flow of defective parts through the production process,
quality also needs to be maintained at the control level. Quality checklists
and visual inspection devices at each workstation are tools to ensure
quality at the control level. Quality checklists are prepared by internal
customers of downstream processes, include work specifications for a
ready job, and are enforced through review at upstream processes to
confirm delivery of foolproof products the first time. Checklists are a
useful tool by which to continuously improve and update the quality
standards for the performance of tasks and product specifications at each
station.

Quality needs to be addressed at the organization level by building a
culture in which standards are measured during and after production. In
order achieve the desired quality the first time, the process must be
stopped (if the quality standards are not met) to fix problems as they

occur.

3.3. LEAN-MOD INTEGRATED TOOL

A set of so-called “Lean-Mod” strategies are proposed in this research. In order to

apply these strategies on a factory production line, an enhanced integrated

approach of BIM, Lean, and simulation is proposed. In this technique, several

procedures are implemented to achieve the research objective to improve the

production efficiency of the MCM industry. The proposed methodology and
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associated components are presented in Figure 19. The main methodology process
is divided into five major phases. In Phase I, a BIM model of the case study as a
modular building is developed with detailed design drawings of the building
structure. For this purpose, Autodesk Revit is used. Next, the material quantity
take-off lists and component schedule of a module are categorized and extracted
from the BIM model in order to quantify resource requirements based on module
dimensional properties. In Phase 11, the modular construction processes of several
factories are studied and a time study is performed on the fabrication of a number
of residential modules. The time study is performed in order to determine the
production time and resource requirements of component fabrication at each
station considering product variation. The data from this time study is analyzed to
estimate probabilistic duration, productivity rate, and actual man-hour
requirements for each activity. In Phase Ill, the production process is studied
thoroughly and the current process flow is mapped to find defects and process
deficiencies. Then, based on current Lean strategies and proposed Lean-Mod
strategies, a number of recommendations are proposed in order to improve the
production process efficiency. In Phase 1V, a simulation model of production flow
is developed in Simphony.NET 4.0 in order to depict the production line layout,
schedule, and resource requirements. The inputs for this model consist of
information extracted from the BIM-generated 3D model, the resource
requirements, and proposed improvements. The simulation model delivers results
for different production scenarios and provides the opportunity to evaluate the
proposed future-state in order to optimize the production process. In Phase V, a
post-simulation visualization model of evaluated production scenarios is
developed which can be used by management teams as a more efficient tool for
production flow analysis. As a result, the resource requirements to complete
various modules are determined, along with potential scenarios for work flow

balancing.
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Figure 19: Proposed research methodology

The methodology of this research is examined by means of a case study of a
modular manufacturing company. Current- and future-state maps of the factory
production line are compared to prove the effectiveness of the proposed
methodology. In this research, advanced methods and techniques in productivity

efficiency are integrated into a new methodology created for MCM.
3.3.1.Phase I - Generating Data from the BIM Model

In modular manufacturing, the gap between the design and drafting phase and the
production phase in the current practice limits the ability of companies to achieve
potential efficiency and cost-effectiveness offered by a manufacturing-based
approach to modular construction. A link between design and production in MCM
is essential due to the following factors: (1) once the construction stage of a
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modular building has started, changes to the design and construction plan are
costly. Accurate design that reflects production demands provides a means by
which to evaluate constructability during the design phase and serves to reduce
rework; (2) customer demand for unique buildings that are individually
customized to reflect their needs entails the deviation of the work flow process
from a standard one and affects production efficiency. In order to create a smooth
work flow, the production line must be set-up based on the given project’s unique
requirements and specifications, which can be transferred from the design phase;
and (3) a detailed design provides the basic data which can be used during

production, including resource requirements and associated costs.

The proposed improvements to the manufacturing process begin with a
changeover from traditional 2D drafting to a much more robust BIM platform.
The construction begins at the design phase, where the advancement of automated
design can lead to increased cost efficiency and can offer interoperability amongst
the phases of a project’s life cycle. The solutions being used in this research to
facilitate interoperability are drawn from a BIM model, particularly through
Autodesk Revit, which uses a common engine that provides integration among
related models. BIM helps to create intelligent models for building elements and
systems, including walls, beams, columns, and Mechanical, Electrical, and
Plumbing (MEP) systems. BIM models have the capacity for extensive
information related to component properties, such as geometry, associated
components, location, suppliers, cost, building codes, and production schedules.
To accommodate the proposed integration methodology requirements in this
research, the Autodesk Revit Structure add-on, which is a tool for the design of
wood framing structures, is used to generate the BIM model and building
component schedules. The methodology for Phase 1 is presented in Figure 20.
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Figure 20: Schemata for the process of generating data from the BIM model

The BIM model inputs include wall, floor, ceiling, door, window, and MEP
information, along with information related to the modular concept and the
selected framing method. The BIM model is generated considering: (1) criteria
including module dimensions, available equipment, sustainability, and
constructability; and (2) standards including International Organization for
Standardization (ISO) standards, material specifications, city bylaws, and national
building code requirements. Architectural components are represented by the 2D
layout of the project based on the production resources specified in building codes
(i.e., the National Building Code of Canada, issued by the Institute for Research in
Construction). The structural requirements specified in building codes are used to
define the components for each wall, floor, ceiling, door, and window. The
modular concept, meanwhile, defines a set of rules for modules’ dimensions as
well as for the layout and division into modular units based on road regulations as
they pertain to the transporting of fabricated modules, acceptable dividing
elements, and the lifting capacities of cranes. In the main process, the BIM model
is developed to generate a 3D model of the building, material quantity take-offs,

building component schedules, dimensional properties, sections, elevations, and
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shop drawings. The data related to component properties that are extracted from
the model, including the linear length, surface area, number of windows, columns,

doors, are also used as inputs for the simulation model.
3.3.2.Phase Il - Production Line Assessment through Time Study

In traditional scheduling methods, a fixed duration is assumed for each activity
and as a result there would be a fixed duration for total work. In the real world,
alternatively, task durations are not fixed and instead duration can be represented
by an independent random variable based on probability distributions. Accurate
activity duration plays an important role in creating the schedule when it comes to
customized manufacturing, where the production schedule is not easily predicted.
The factory production line in customized manufacturing cannot be run at a
steady pace since the activities taking place at each station are contingent upon
individual designs tailored to fulfilling customers’ demands. In order to measure
the effect of product variety on the production line pace, a time study is conducted
in this research. Data is collected from a time study and analyzed for each activity
in order to determine and formulate the statistical representation of the required
resources, including labor, time, material, and space, to complete an activity. The
time study assists in identifying the key elements that affect duration based on the

predefined tasks performed at a particular station.

In a modular manufacturing factory, the construction process is divided into a
number of stations where specific tasks are taking place, and modules are moved
along from station-to-station as they progress through the construction process. As
such, an accurate time study requires familiarity with the entire procedure, as well
as of the partial procedures at each station. The procedure of this phase is shown
in Figure 21. For this purpose, the production processes of several MCM
organizations are studied, including Igloo Prebuilt Homes (“Igloo™), Fortis LGS
Structures (“Fortis™), PTI Group Inc. (“PTI”), and Landmark Group of Builders
(“Landmark™). Some modular manufacturing factories rely heavily on human

resources to perform jobs through the entire process, while in industrialized
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factories many of the tasks are performed by machines. Either way the production
tasks are the same, but the time spent at each station varies and still is a function

of components’ dimensional properties.

7~

 Become familiar | [ Identify the 1 [ Define specific A Define sample A
with the whole operation in schedule to do the modules for
process individual stations) time study observation

s ~N s ~

Record required Define tasks are

Record idle time Record buffer time .
time and resource done at each

for next station between stations . .
) at each station station
_Calculate Takt Calculate man- Define objective Define proper
time and compare hours and function, distributions and
with operation ’ constraints and
time Production rate ) decision variable parameters

s ~N s ~ s ~N

Test and validate Formulate a set of Quantify activities
the result general rules actual duration

Quantify stations’
probabilistic
duration

Figure 21: Production line flow analysis through time study process

In the next step, the construction of a number of sample modules is monitored
through a time study to record the duration and resource requirements, including
labor, time, space, and material for each activity completed in every station. The
duration and production rate are calculated for different tasks, and proper
distributions and trends are generated for each activity accordingly. The data
analysis is used to formulate a set of general rules to quantify probabilistic
duration, productivity rate, and actual man-hour requirements at each station
based on module specifications. Module specifications are extracted from the
BIM model into spreadsheets and a user-friendly interface is developed in order to
automate estimation of activity durations. The generated data is then sorted into a

database which is linked to the simulation model.
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3.3.3.Phase Il - Production Process Analysis to Propose Improvements

In this phase, after detailed and accurate analysis of the production process of the
case study, several recommendations are proposed in order to improve production
efficiency. The proposed recommendations consist of two main sections. One is
general recommendations based on current Lean strategies and proposed Lean-
Mod strategies that are applicable in any MCM organization. The other set of
suggestions are proposed particularly to improve and reduce existing defects and
deficiencies in the current production practice of the case study. The process by
which to identify and present improvement recommendations is presented in

Figure 22.

Collect Map Identify \\ Challenge Identify Map future
information /) current value  //current state //improvement state
VSM process

Figure 22: Process by which to identify and present improvement recommendations

As the first step, the required information to create the current-state VSM of the
factory production line is collected based on a detailed process review in order to
find how work is performed. Required data include activity cycle times, set-up
time, down time, idle time, material and equipment requirements, number of labor
personnel, inventory and material information flow, customer demands, and yield
rate. The process of gathering information begins with a quick walk along the
entire production line to provide familiarity with the work flow and sequence of
activities. Next, data is gathered for each process from end module shipping to
upstream stations to find the direct links among activities. Figure 23 shows a
sample table of collected information for one studied module. Cycle times for
individual tasks are recorded using a stop watch and are used to compare the total
cycle times and scheduled Takt times. Potential areas of improvement are also
recorded to be referenced later.
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Figure 23: Sample collected information for one module

The next step is to create product flow through a current-state VSM that starts

with a rough hand sketch right on the shop floor, as presented in Figure 24. The

value stream is identified and mapped for each group of activities and flow of

material and information. Critical path, bottlenecks, and flow obstructions are

defined. The current-state map is analyzed and challenged from the current Lean

point of view as well as from the proposed Lean-Mod perspective in order to

identify problem areas and opportunities for improvement. A critical step in

finding areas of improvement is to specify value as perceived by the end-
customer, (i.e., what the customer is paying for). The VSM identifies where value

is added in the process as well as other activities that are non-value-added.
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Figure 24: Hand sketch value stream map for the case study

The final step is to compile a future-state map based on the current-state and the
critiques in order to visualize the ideal and realistic future-state. The map reflects
changes that can be realistically achieved through the defined timeline. In this step
two types of kaizen are considered: (1) flow kaizen, which is value stream
improvement, with a focus on material and information flow; and (2) process
kaizen, which is waste elimination at the workstation level, with a focus on people
and process flow. A number of general and specific potential kaizen opportunities
are recommended for the case study. After calculating Takt time based on the
specifications of modules arriving at the production line, a resource plan
allocation is generated to define the number of operators at each station. The

overall production flow map of the future state remains the same, but the
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production rate and labor requirements are dynamic parameters that are optimized

by means of simulation.
3.3.4.Phase 1V - Developing Simulation Model

The process to develop the simulation model is shown in Figure 25. The current-
state VSM and future-state VSM of the production process are modeled in
Simphony.NET 4.0. In this research, discrete event simulation (DES) in a general
template is used to collect and link elements in order to represent production
activities and processes in one domain. The elements functionalities are
predefined in the general template, such that the user is able to select elements
based on required function, drag and drop them on the modeling environment, and
link them together to create a model with only basic knowledge of computer
programming required. The user does need knowledge about the eclements’
functions in order to create the model in Simphony and skill to translate the
outputs. Simphony.NET 4.0 was developed to provide a more flexible
environment for modeling purposes and consists of services to facilitate DES, as
well as templates within a graphical user interface.

In the simulation model, the value stream map of the factory is created to show
the product family, information and material flow, work cells, inventory amount,
daily customer demand, supplier and shipping schedule, and production volume.
The simulation model involves two input types: Fixed and random variable. The
values of fixed variables, such as number of entities, change over time, yield rate,
value-added time, and transportation time between stations, remain constant
during a simulation run. These fixed inputs are defined by the user according to
the factory and project specifications. The values of random variable inputs, such
as process time and number of operators, change according to a predefined data
distribution during a simulation run. These random variable inputs are fed from
the developed database in a Microsoft Access file where probabilistic

distributions of various activities are generated based on the module specifications
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in the BIM model. The Simphony elements used in the simulation model to

represent process and flow are summarized in Appendix C.

| Inputs | | Criteria |
Current state VSM Factory layout
Future state VSM Available resources

Task duration distributions
Resource plan allocation

Available working hours
Customer demand schedule

g | Simulation model | A

' [ Developing simulation model of current and | '

future state of production flow in Simphony |

Feed components’ dimensional properties from
Access file generated from BIM model

Evaluating the simulation results and repeat
the process to find a near optimum solution

\ J
— .
Output
Processing time | Resource utilization
Takt time Production rate
Lead time Production flow scenario

Figure 25: Process for generating and evaluating the future-state through simulation

Generated outputs from the simulation model include total processing time, lead
time, Takt time, labor utilization, production rate, and potential production flow
scenarios. The model is also capable of producing information about cost of
fabricating various modules, but this is beyond the scope of this research.
Simphony is able to provide output charts and reports that can either be read in
Simphony or exported to a Microsoft Excel file for further analysis. The
simulation model outputs of various scenarios are evaluated in order to find a near
optimum result. The optimum result addresses the following goals: (1) increased
productivity, (2) balanced labor allocation, (3) satisfied customer demand in terms
of schedule, (4) reduced or eliminated waste, (5) reduced delays, (6) eliminated
bottlenecks and unnecessary material handling, (7) addressed defects and
problems, and (8) optimized space usage.
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3.3.5.Phase V - Developing Post-Simulation Visualization Model

The proposed post-simulation visualization (PSV) is the 3D visualization of the
DES model, representing physical working environments with 3D graphical
objects. The model depicts the simulation of the production process in detail,
producing and displaying production flow information simultaneously such as
lead time, production rate, and resource utilization for evaluation purposes. The
proposed system has the capacity to be linked to all possible production
information. The model needs to be flexible in order to deal with changes in
process caused by module variation and to present a complex production process
in a simple way. Visualization of the simulated process is proven to be an
effective tool in communicating the value and simplicity of the minute-by-minute
schedule. The simulation result comparison between the initial model before
applying PSV and the final version after running PSV several times shows
significant improvements in terms of eliminating waste, smoothing the production
flow, leveling resources, and reducing idle time. A comparison is also conducted
among various scenarios, by which the management team confirms the
considerable impact of the PSV model in terms of decreasing activity durations,
eliminating errors and rework, and identifying the best potential production
scenarios using visualization of the simulated process during the planning phase.
In this research, two approaches are performed to create a PSV model. The first
approach integrates animation with statistical outputs of simulation model and
provides a lifelike image of the process. The second approach is more dynamic,

capable of responding instantly to changes made to the process.

In the first approach, to create a real-time abstract simulation model by means of
computer animation, a visual presentation of production scenarios is developed.
After evaluating and comparing results among various potential production
scenarios, a scenario with near optimum results is selected for visualization. A 3D
model of the production process is also developed in Autodesk 3D Studio Max
(3ds Max) showing certain activities at all the stations in the production line. The

processing times of all the stations are imported from the simulation model output
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in the form of an ASCII file, which is a binary text file, and are linked to the 3D
animation semi-automatically. Within the 3D animation environment the high-
level simulation model is transformed to a micro-level representation in
frames/minute. To develop the PSV model, 3ds Max’s scripting language,
MAXScript, is used. As inputs of the PSV model, two sources are required: (1)
the 3D model library of PSV; and (2) the simulation model output that stores the
spatial configuration of the construction process, along with performance time.
The PSV model imports 3D models from the 3D library, including models of the
equipment, modules, resources, and the 3D factory, and assembles them in 3ds
Max. Then the 3D animation engine uses the data from the simulation output file
in order to create the key frames. A snapshot of the generated PSV model is
presented in Figure 26. The model’s outputs are production processing time, labor
utilization, safety and quality control, and evaluation of potential scenarios for

construction operations.

Task Name . Duration _ Day2 |Day 4
H8 H17 Ha1 H65

Lift floor to next station 0.25 hrs —
Complete floor sheating 1hr

- Station #1C - Roof 7 hrs —
Layout trusses & nail components 6 hrs [—
Sheating lower half of roof 1hr [ £

- Station #1 - Wall set 8hrs
Assemble exterior walls 2hrs =
Assemble interior walls & cube 5 hrs _
Complete wall sheathing 1hr J

Move module to next station 0.25 hrs

- Station #2 - Rough-in 8.25 hrs Pr—

Roof assembly, Rough-in 4hrs -

Figure 26: A snapshot of the PSV model developed in 3ds Max
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The second approach is pursued to create a more dynamic visualized model from
simulation results which can be modified by any user with no special software
skills required. For this purpose Autodesk Navisworks Manage is selected, which
combines clash finding analysis and interface management with 4D schedule
simulation. The 3D model of the factory is developed in Revit and then, along
with 3D models of modules generated in the design phase, is imported into
Navisworks. The imported outputs from the simulation model for existing
modules in the production line and coming modules to be visualized include the
processing times at all stations, resource allocation plan, and work sequence, as
presented in Figure 27. In order to analyze different scenarios for plant layout
configuration with automatic clash detection, more information is added to the
model, including overhead crane capacity, factory space limitations, and labor
safe work area. In this model, the relationships among components are defined
through parametric modeling rules and constraints, such that the model responds

automatically to any changes immediately.

b7s  MAL@ECLE
—

o G O G & N 4 Gy

L 2 4

Figure 27: Snapshot of the PSV model developed in Navisworks
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4. IMPLEMENTATION IN CASE STUDY

This research was studied and implemented on four different modular factories
which manufacture in different levels. Table 2 presents the levels of
manufacturing and site assembly at each factory, as well as definition of the
modules being produced. Since factories are manufacturing in different levels,
validating the methodology on all the case-studies is not reasonable. Therefore the
focus of this chapter is on the implementation of the proposed Lean-Mod concept
through the proposed enhanced tool to integrate building information modeling
(BIM), Lean, simulation, and visualization on a main case study, which is Igloo
Prebuilt Homes (“Igloo™), a residential manufacturing company in Edmonton,
Canada, that illustrates the effectiveness of the proposed methodology. The
validation is defined by acceptance and testing of the methodology by

stakeholders.

Table 2: Case-studies: manufacturing level and produced module

Factory Module Manufacturing level

Assemble the building
Igloo Wood structure Homes | in factory and ship
complete module to site

Wood structure

. Assemble the building
commercial,

PTI . . in factory and shi
residential, and In factory and ship .
. complete module to site
temporary buildings
. Steel structure panels Ship and assemble
Fortis P ’ P

and bathroom units panels on-site

Ship and assemble

Landmark | Wood structure Panels .
panels on-site
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4.1. INTRODUCTION

In phase | of this research, the main focus of implementing BIM and generating
information from the BIM model is on Igloo, which fabricates wood structure
residential modular homes. Similar approaches are also employed at PTI Group
(“PTI”) and Fortis LGS Structures (“Fortis) to verify general application of the
methodology. PTI fabricates wood structure commercial, residential, temporary,
and permanent modular buildings. Fortis fabricates light gauge steel structure
(LGS) walls as well as complete bathroom module. Although the methodology is
verified through all the case studies, it is the results from the main case study,
Igloo, which are presented in this research.

In phase II, the production processes of several modular construction
manufacturing (MCM) organizations are studied, including those of Igloo, Fortis,
PTI, and Landmark Group of Builders (“Landmark™). Landmark produces wood
structure panels and many of the tasks are performed by machines whereas other
factories rely heavily upon human resources to perform tasks throughout the
entire process. As a result of the process study, it is noted that in either case the
production tasks are the same, but the time spent at each station varies and is a
function of components’ dimensional properties. In the next step, the construction
of 11 sample modules is monitored through a time study at the main case study,
Igloo, in order to record required data for this phase.

In phase IlIl, two sets of recommendations are proposed. General
recommendations are proposed based on current Lean strategies and proposed
Lean-Mod strategies that are applicable in any MCM organization. Specific
recommendations are proposed particularly to improve and reduce existing

defects and deficiencies in the current production process at Igloo.

In phases IV and V, the methodology is validated through the main case study,
Igloo. It should also be noted that a similar approach has already been tested on a
different project which involved the construction of a 34-storey building in

Brooklyn, New York, USA. Simulation visualization of the process proved to be
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effective in communicating the value and simplicity of a minute-by-minute
schedule, including a separate production clock for all the resources that were
automated and updated for each simulation run. Based on the output information,
the most efficient solutions were generated. The use of post-simulation
visualization was effective in analyzing the construction methods of the project,
which consisted of 950 structural steel modules. Issues related to construction
activity productivity were synchronized in order to achieve a plan for on-site
installation of the project in only 56 working days.

Igloo Prebuilt Homes prefabricates residential modules under environmentally-
controlled conditions in a 125,000 sq ft facility and transports them to sites. MCM
provides opportunity for the company to offer time efficiency, cost effectiveness,
and superior quality compared to traditional stick-built construction. All houses
are built to building code for the given region, and are transported and installed in
urban, rural, or remote areas. Igloo fabricates custom-designed homes that vary in
features, layout, and size between 600 sq ft and 1,600 sq ft. Also, Igloo is
pioneering the industry by making near net-zero homes that are affordable and

environmentally conscious.

4.2. PHASE | - GENERATING DATA FROM THE BIM MODEL

There are two major advantages associated with the application of BIM during the
design phase: (1) it increases the productivity and flexibility of the design process;
and (2) it supports the production line by creating detailed design requirements for
manufacturing. Some of the main challenges through the design process are to
improve the efficiency, automate the process to a certain extent, and reduce the
rework among different disciplines that increases time and cost of design. Another
challenge within the MCM industry is to generate design information which can
support the manufacturing process with accurate production drawings and exact

material and labor estimations for individual designs.
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4.2.1.Current Practice Defects of Case Study

Igloo’s current process poses a number of specific deficiencies:

1.

The first sketch of a model is created for preliminary analysis in a
particular software, and cannot be subsequently altered by other users; the
model is passed to the architectural, structural, and
mechanical/electrical/plumbing (MEP) designers, and they then transfer it
to different software applications by manually inputting information,

which increases the probability of data entry and versioning errors.

. The generated 2D model contains many conflicts and interferences since

the current system is not capable of exploring the model visually. Also,
inputting of framing details needs to be performed manually for every
single wall existing in the model. In addition, this process is time-
consuming and error-prone. Some of the undetected clashes are passed
from design to construction after the release of the production drawings,

which increases time and cost due to rework during construction.

In the case of change orders in design, all the information related to the
change must be revised, necessitating additional effort to apply changes to
each of the details, which are distributed among numerous separate

drawings.

Material cost estimations, material ordering lists, labor requirements, and
labor costs are generated manually using shop drawings which are not

thoroughly accurate, containing errors and miscalculations.

Current detailing efforts to generate various sets of drawings for
production, permits, and site assembly are not cost-efficient or time-

efficient.

There is a gap between the design and production phases in current

practice. The generated model does not support understanding of the
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challenges involved in the production and fabrication sequences in the

plant.

4.2.2.BIM Implementation Advantages for Case Study

In this research, Autodesk Revit is selected as the BIM tool, and the application of

BIM bringing the following advantages for the aforementioned case-studies:

Through the use of BIM, once the model is created for the first sketch and
preliminary analysis it can be used by multiple users subsequently. The
model is passed to the architectural, structural, and MEP designers so that
multiple disciplines are able to work in parallel on one model. The model
is saved on the server, which reduces the probability of data entry errors,
data translation demand, and versioning errors, since the information is

combined into a unified source.

The generated 3D model is used to detect conflicts and interferences,
facilitating visual exploration of the model to resolve these issues
immediately. BIM also provides detection clashes during design so
construction issues are resolved before releasing production drawings to
the plant for construction, which reduces time and cost and increases

quality.

BIM provides the foundation by which to automate the design process to a
certain extent. The specific design rules and details which are used in
every design for a particular organization are stored in Revit templates or
as an add-on to facilitate automation of design and drafting. Also, lessons
learned from previous errors encountered during design are archived
through the BIM clash detection database and reviewed automatically to

avoid any error repetition.

The BIM model reduces rework in different ways. In case of change
orders in design, once the 3D model is updated all information related to
the model is revised without any further effort required in order to apply

99



changes to every detail in the model. BIM also reduces rework in
producing multiple sets of information for different disciplines. The 3D
model is used to generate production drawings, permit drawings, site and
assembly drawings, material quantity take-offs, and component schedules.

The model created in Revit contains information related to materials and
components, including material quantity take-offs and component
dimensional properties, which are extracted to generate material cost
estimations, material ordering lists, labor requirements, and labor costs.
Since the material take-offs are generated automatically, errors and

miscalculations are reduced.

BIM reduces the detailing effort needed to generate various sets of
drawings for production, permits, and site assembly. Since conflicts are
resolved through the design, production accuracy and quality are increased

and the probability of material waste occurring is reduced.

The BIM model facilitates understanding of the challenges involved in
production by evaluating and optimizing the fabrication sequence in the
plant during process mapping sessions. Visualizing the model enables all
the stakeholders to review the production process, work sequence, and

requirements at each stage.

BIM also enables evaluation of alternative scenarios to determine
solutions which will benefit the entire process, from design to production.
Visualizing the model helps to compare different design layouts and
features so users can choose among a variety of design options.
Furthermore, the generated 3D model is used to evaluate different plant
layout scenarios and facilitate the decision making process to find an

optimum configuration of production line stations.

The extracted information from the BIM model is used to estimate

probabilistic man-hour requirements for individual products at each line

100



station. The labor estimation helps to level resources through the entire

production line and increase productivity.
4.2.3.BIM Implementation Objectives and Challenges for Case Study

To implement BIM application and eliminate deficiencies in the design process,
the research addresses the following objectives: (a) creating design procedures in
order to eliminate rework from the design process; (b) developing a building
information modeling (BIM) platform to replace the process of 2D drafting; (c)
automating the framing method to increase productivity; (d) transitioning from
AutoCAD 2D modeling to BIM n-dimensional modeling; (e) conducting material
and cost estimation to assist the generating of accurate cost estimation; (f)
automating data generation to support the fabrication process based on a direct
feed from a BIM model. To achieve these objectives, the following activities are

performed:

1. Preparing design procedures: A documented procedure for the design
process is missing in the current practice. The first step toward making
improvements and eliminating rework from the design process is to follow
a standard procedure. This objective is achieved by reviewing the current
process, outlining required inputs and outputs for each discipline,
eliminating rework and repetition of data production among different
phases, and documenting a procedure to be followed by the entire design

team.

Challenge: The challenge is to prepare a procedure that matches current
practice in the company so there is no disturbance in the design process

while eliminating defects and proposing improvements.

2. Creating a BIM library using Autodesk Revit software: This objective is
achieved by (1) creating a database of typical 2D fabrication details which
are common in design and also families of products which are ordered

from suppliers; and (2) developing a design/drafting template, which can
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play an important role in improving efficiency, quality, clarity, and
consistency of projects. These families and templates are stored in the
Revit Server database and are used by architects, drafters, engineers, and
builders during design/drafting with no extra effort.

Challenge: Currently a comprehensive list of details and families is
missing, with this information instead spread out among various projects.
Therefore all the details and families must be reviewed to create a
systematic coding library with potential future extensions. The challenge
in creating the template is to define accurate and inclusive content,
including annotations, schedules, and sheets, which requires good

understanding of company’s projects and design/drafting demands.

. Automating a framing method: The ultimate goal of this phase is to
develop an integrated system for the design process in order to
automatically provide the required production information and drawings
for the fabrication process. In order to eliminate manual effort, an add-on
to Autodesk Revit, MWF (Metal Wood Framer) from StrucSoft Solutions,
is selected. This task involves identifying the specific design requirements

of the company and developing assistive tools.

Challenge: The add-on is still under development and hence contains
many errors and is missing requirements. The first step is to study
different types of joints and framing techniques used in the manufacturing
process and determine the rules required to define all framing details.
These rules are sorted in the add-on to generate stud, joist, and all other
framing components automatically. The next step is to program the
missing requirements, such as hangers, and add them as a package to

automate the framing process and create an error-proof process.

. Transitioning from AutoCAD to a BIM platform: The current 2D design
tools and software being used by the company limit opportunities for
technological advancement and productivity improvement. However, a
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BIM model is capable of carrying information related to the building
through the project life cycle, including physical and functional
characteristics of components, and is also able to incorporate the
company’s specific demands into a 3D model. For this purpose, Autodesk
Revit is selected to replace the current software (AutoCAD). A pilot study

is conducted prior to transition of the entire design department.

Challenge: Training is required for specific areas of the new software
which are specifically developed for the company. The challenge in
conducting the pilot study is to consider every essential detail and step in
the transition process to successfully produce the drawings and

information required by the company.

Conducting material and cost estimation: A BIM model produces material
quantity take-off lists and component schedules automatically, which
assist collaborating companies in generating exact material ordering lists
and accurate cost estimations during the design phase. The difference
between component schedule and material take-off is that the component
schedule provides information about the component as a whole, while the
material take-off provides the quantities of all the sub-components and
materials that are placed in a component within the 3D model.

Challenge: Thorough research is required to bridge the gap between
current material take-offs and what is needed to automate the process,

such as the assignment of cost codes and unit prices.

. Automating data generation to support fabrication: The existing gap
between design/drafting and production in modular manufacturing limits
the efficiency of the manufacturing-based approach. This task focuses on
automating production in the manufacturing facility based on direct feed
from the BIM software. This task requires a thorough time study in the
plant and statistical analysis of data related to task duration, labor
requirements, space limitations, material and equipment requirements, and
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productivity analysis through the production line. At this juncture the
potential and requirements of implementing this option from a BIM model

are evaluated and the goal is pursued through the next phases.

Challenge: The challenge is to propose an improvement plan which
effectively incorporates Lean principles throughout the company

production process.
4.2.4.Generating Data from the BIM Model

The BIM application in performing a pilot study at Igloo Prebuilt Homes is
described in the following sections. To generate the BIM model, the preliminary
drawings of the case study are used to create a 3D model of the building. The
preliminary drawings include structural framing information, material
specifications, first- and second-floor architectural plans, roof and flooring layout,
and elevations. The project specifications are presented in Table 3.

Table 3: Case study project specifications

Type of building: Residential
Occupancy: 2-storey
Living area: 1,330 sq ft
Structure type: Wood framing

Autodesk Revit Structure is selected for this research as the BIM-based platform.
Although Revit is capable of creating architectural and structural plans, a
generated wood framing structure complete with stud and joist details is still
missing. Metal Wood Framer (MWF), an add-on from StrucSoft Solutions, is
used in order to frame the floor and walls. After generating the structural framing,
component properties are defined to represent materials used for the building.
Accordingly, the 3D model of the building is generated as presented in Figure 28,
Figure 29, and Figure 30.
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1) L

Figure 30: Structural framing view of the model

Sequentially, production drawings are generated which satisfy the following
design requirements: (1) to reflect standards, by-laws, building codes, and

regulation requirements for the building system and components; (2) to present
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the level of detail required in the plant for fabrication; and (3) to include
information required to be confirmed by customers. The goal is to keep the
overall format for the new set of production drawings the same as the previous
set, since the same fabrication method is being used in the plant, while at the same
time improving the content in order to add missing details and remove redundant
information. Figure 31 presents a sample production drawing generated for the

case study.

DRAWN BY:

7 Front Elevation
=1

Figure 31: Sample production drawing

A floor joint plan created using the MWF add-on is shown in Figure 32 in the
production format. Figure 33 shows the wall panel layout, which reflects the
information required in order to cut and mark wall plates. Plates are transferred to
the wall framing station to add studs and headers of doors and windows using the
set of wall framing details shown in Figure 34.
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To create a schedule or material take-off, the desired category of the take-off, with

certain fields for which quantities are required, is specified. Revit has the ability

to group the components based on different attributes; schedules, meanwhile, are

automatically updated once there is a change within the 3D model. Table 4 and

Table 5 show the available attributes for doors and windows, respectively, and

this schedule is used in cost estimating and material ordering. The room schedule

and wall schedule presented in Table 6 and Table 7, respectively, give

dimensional properties of components, which are also used in productivity

improvement analysis as well as in cost estimating and material ordering.

Table 4: Door schedule

Door Schedule
DI\?S_r '[I?;gg Door Size Manufacturer Model

9 157 | 2'-8"x6'-8" Out-Swing | Karona, Inc. K3750Muission
13 180 | (2) 2'-0"x6'-8" Igloo Building Supplies

18 186 | 2-4"x6'-8" TruStile TS2060

19 186 | 2'-4" x6'-8" TrusStile TS2060

20 186 | 2-4"x6'-8" TruStile TS2060

24 185 | 2'-6" x 6'-8" TrusStile TS2060
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Door Schedule
Door | Door Door Size Manufacturer Model
No. | Type
25 185 | 2'-6" x 6'-8" TrusStile TS2060
31 180 | (2) 2'-0"x6'-8" Igloo Building Supplies
32 180 | (2) 2'-0"x6'-8" Igloo Building Supplies
33 181 | (2) 2'-6"x6'-8" Igloo Building Supplies
38 189 | 2'-8"x 6'-8" TrusStile TS2060
43 204 | 1-6"x6'-8" TrusStile TS2060
Table 5: Window schedule
Window Schedule
Rough openin
Typi _ gh op . g Type Manufacturer | Model r';' _ear(lj
mark | width | Height eight
38 | 2-0" | 4-0" | Double Hung with Trim : /é.,6
107 3-11 3'-3 | Envoy Vinyl Double Panel | All Weather TITAN
1/4" 3/8" Equal Glider picture Window 6500
112 | 242117 3'-3 | Envoy Vinyl Double Panel | All Weather TITAN | 8-4
3/8" Equal Glider picture Window 6500 3/4"
121 5-10 411" Envoy Vinyl Double Panel | All Weather TITAN | 6'-10
7/8" Equal Glider picture Window 6500 5/8"
134 2'-0" | 5'-0" [ Fixed with Trim 6 11
3/8
135 7-6" 5'-0" | Triple Panel Glider Picture | PLY GEM ;/43
Table 6: Room schedule
Room Schedule
Level Number | Name Area Floor Finish
T.0. Main Floor 101A REAR FOYER 10 SF Tile
T.O. Main Floor 101B REAR FOYER 35 SF Tile
T.0. Main Floor 102 HALF BATH 30 SF Tile
T.0. Main Floor 103A FOYER 11 SF Tile
T.0. Main Floor 103B FOYER 25 SF Tile
T.0. Main Floor 104 STAIRCASE 45 SF Carpet
. COVERED
T.0O. Main Floor 105 VERANDA 132 SF
T.0. Main Floor 106 LIVING ROOM 168 SF | Hardwood
T.0O. Main Floor 107 DINING ROOM 106 SF | Hardwood
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Room Schedule
Level Number | Name Area Floor Finish
T.0. Main Floor 108 KITCHEN 154 SF | Hardwood
T.O. Second Floor | 201 ENS 34 SF Tile
T.O. Second Floor | 202 W.I.C. 34 SF Carpet
T.O. Second Floor | 203 MASTER BEDROOM | 170 SF | Carpet
T.O. Second Floor | 204A BEDROOM#2 9 SF Carpet
T.O. Second Floor | 204B BEDROOM#2 85 SF Carpet
T.O. Second Floor | 205 STAIRCASE 40 SF Carpet
T.O. Second Floor | 206A LOBBY 7 SF Vinyl
T.O. Second Floor | 206B LOBBY 61 SF Vinyl
T.O. Second Floor | 207 MAIN BATH 46 SF Tile
T.O. Second Floor | 208A BEDROOM#3 9 SF Carpet
T.0O. Second Floor 208B BEDROOM#3 85 SF Carpet

Table 7: Wall Schedule

Wall Schedule
. . Window
Type Floor | Wall ID mg;;‘ Le(%g;th H?]!ght (ft) Door ()
W H W H

Exterior Wall - 6" st M1E | 6.00 | 21.39 | 6.64 | 5.91 | 4.92
Interior Wall - 3 1/2" | 1st M1l | 350 | 548 | 2.52 4.00 | 6.67
Exterior Wall - 6" st M2E | 6.00 | 13.12 | 7.94
Exterior Wall - 6" 1st M3E | 6.00 | 12,50 | 5.09 | 7.50 | 5.00
Exterior Wall - 6" st M4E | 6.00 | 5.00 | 8.09
Interior Wall - 3 1/2" | 1st M4l | 350 | 9.04 | 6.05 2.67 | 6.67
Exterior Wall - 6" 1st M5E | 6.00 | 7.00 | 4.77 3.13 | 6.75
Interior Wall - 3 1/2" | 1st M51 | 3.50 | 4.06 | 3.20 250 | 6.67
Exterior Wall - 6" 1st M6E | 6.00 | 11.52 | 7.68 | 2.00 | 4.00

Interior Wall - 3 1/2" | 1st M6l 350 | 531 | 7.87
Interior Wall - 3 1/2" | 1st M7I1 3,50 | 3.00 | 7.31

Exterior Wall - 6" 1st M8E | 6.00 [ 19.50 | 6.53 | 3.94 | 3.28 | 2.50 | 7.00
Interior Wall - 3 1/2" | 1st M8l | 3.50 | 3.98 | 7.80

Interior Wall - 3 1/2" | 1st M121 | 350 | 6.77 | 5.55 2.00 | 6.67
Interior Wall - 3 1/2" | 1st M13l | 3.50 | 5.90 | 3.03 4.00 | 6.67
Interior Wall - 5 1/2" | 1st M141 | 550 | 3.00 | 8.88

Exterior Wall - 6" 2nd S1IE | 6.00 | 18.72 | 7.51 | 3.94 | 3.28

Interior Wall - 3 1/2" | 2nd Sl 3.50 | 20.98 | 6.36 2.67 | 6.67
Exterior Wall - 6" 2nd S2E | 6.00 | 15.78 | 8.22
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Wall Schedule
. . Window
Type Floor | Wall ID \(ll\gg:)] Le(%g);th H?f'ght (ft) Door (ft)
W H W H

Exterior Wall - 6" 2nd S3E | 6.00 | 12.50 | 5.09 | 7.50 | 5.00
Interior Wall - 3 1/2" | 2nd S3l 350 | 9.81 | 5.05 4.00 | 6.67
Interior Wall - 3 1/2" | 2nd S5l 350 | 9.81 | 5.05 4.00 | 6.67
Exterior Wall - 6" 2nd S6E | 6.00 | 11.67 | 7.92
Exterior Wall - 6" 2nd S7TE | 6.00 | 17.83 | 7.42 | 2.00 | 5.00
Interior Wall - 3 1/2" | 2nd S71 3.50 | 2.17 | 8.09
Exterior Wall - 6" 2nd S8E | 6.00 | 19.50 | 7.43 | 3.94 | 3.28
Interior Wall - 3 1/2" | 2nd S8l 3.50 | 13.79 | 5.75 2.00 | 6.67
Interior Wall - 3 1/2" | 2nd Sol 350 | 2.17 | 7.00
Interior Wall - 3 1/2" | 2nd S111 | 3.50 | 3.46 | 2.27 2.67 | 6.67
Interior Wall -31/2" | 2nd | S121 | 3.50 | 9.81 | 7.77
Interior Wall -5 1/2" | 2nd | S151 | 550 [ 9.69 | 5.93 2.67 | 6.67

The application of extracted quantity take-off data from the BIM model for the
cost estimation and material ordering is beyond the scope of this research. Briefly,
the design department generates material quantity take-off and component
schedule lists and passes them to the procurement department to issue material
recipes for both plant and field. In the plant, workstation leads review the material
recipe for both module moves and module starts at the final drawing stage and
either approve or ask for revision. The construction manager reviews the field
material recipe and approves or asks for revision. After approval, the job start
notification is sent to the procurement department, plant manager, and material
supervisor. Where inaccuracies are identified, revision requests are sent to the
design department to revise the BIM model and generate new sets of lists. The
other application of extracted quantity take-off data from the BIM model, which is
to support the production line stream mapping, is discussed through the next

phases of this research.
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4.3. PHASE Il - PRODUCTION LINE ASSESSMENT THROUGH TIME

STUDY

The first and one of the most important steps to improve the current process is to
collect detailed and real-time data related to the production flow. A common
practice is to bring a stopwatch while walking the process, and to rely only on
information obtained firsthand. Standard times rarely reflect the current reality,
particularly with product variation where duration varies for different products.
The data collection starts with following a product through the process, starting at
the beginning to identify the materials and information. After a brief walk-
through, data is gathered for each process, from end-module shipping to upstream
stations, in order to find the direct links between activities. Based on the data
collected through observation of the production process, a data analysis tool to
calculate probabilistic man-hour requirements is developed.

4.3.1. Process Flow Study

In traditional scheduling methods, a fixed duration is assumed for each activity
and, as a result, there would be a fixed duration for total work. In the real world,
task durations are not fixed and instead duration can be represented by an
independent random variable based on a probability distribution. In order to
achieve this objective, a comprehensive time study is conducted by which to
estimate the operation time for individual tasks at each station. The construction
of 11 residential modules prefabricated at Igloo is monitored in a time study to
determine the duration and labor requirements for each activity in each station.
Similar to with on-site construction, a customer can choose from among existing
floor plans or provide their own customized floor plan which accommodates their
needs and lot size. As a result, the factory production line cannot be run at a
steady pace, since the activities taking place at each station are contingent upon
individual design. The time study is conducted in order to measure the effect of
product variety on the production line pace. In the time study, duration and

resource usage of sample modules, including bungalow and two-storey, are
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collected as they progress through 16 workstations in the plant. The goal is to
select modules that vary in terms of design layout, dimensions, floor number, and
material specifications in order to record the required time and resources for a
variety of products. The time study assists in identifying the key elements that

affect duration based on the predefined tasks taking place at a particular station.

This phase proposes a set of quantification rules to optimize resource usage,
including time and labor. The project component schedules and quantity take-off
lists are extracted from the BIM model and used to estimate the probabilistic
duration along with the resource usage for different tasks. The factory production
line consists of a series of workstations where specific tasks with defined
resources are carried out on parts of a module as it passes through each station.
The entire production process is divided into small work packages which are
assigned to 16 workstations, and the products move through these stations along
the production line as presented in Figure 35. Material and information flow

through the production line are shown in Figure 36.

The challenge in creating work flow and balancing the production line lies in the
assignment of work packages to stations and optimization of the station layouts to
minimize material flow and travel distance to reach the material. Data collection
to create a smooth and continuous product flow is a challenge due to product
variation, which affects process time and is associated with long production cycle
times. Therefore, it is required to quantify statistically the productivity rate and
probabilistic duration for each workstation in order to forecast the most probable
Takt time and cycle time. In the following section, the detailed estimation process
by which to calculate probabilistic duration and man-hour requirements of each

workstation is presented.
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4.3.2.Production Process Assessment

The production process starts at three parallel framing stations: (1) wall framing;
(2) floor framing; and (3) roof or ceiling framing. In the wall framing station,
exterior and interior walls are fabricated. To frame a wall, studs are placed
between the top and bottom plates, along with pre-built components including
door and window framing components, as shown in Figure 37. Wall framing
duration entails a considerable amount of variability based on such key elements
as number of studs, doors, windows, and joint walls. Table 8 presents a sample of
wall properties extracted from the original design drawings for 11 modules,
including 34 exterior walls and 65 interior walls. Analysis of the collected data
from the time study reveals that the required man-hours to frame each wall,
whether interior or exterior, depends on the total number of components,
including studs, headers, and plates, that exist in the wall. The graph of total
number of wall components and corresponding framing time are presented in

Figure 38 for exterior walls (a) and interior walls (b).

Table 8: Sample wall properties
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Figure 37: Wall framing station
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Figure 38: Correlation of total number of components in walls and required man-hours

The required man-hours for other tasks taking place in the exterior wall framing
station, including sheathing and installation of vapor barrier, depend on the linear

length of the wall. Therefore, a correlation between linear length of wall and
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required man-hours to frame the wall based on data analysis is identified. The
length of the wall is converted to an effective length considering the effect of key
elements, which are the total number of components and the linear length of the
wall. The converted length of the exterior wall is calculated satisfying Equation 2.
To determine the effective length, the correction coefficients a and B are
determined using a linear optimization model. The goal is to adjust the
coefficients to optimize a curve of best fit through the data point while achieving
as close to a steady production as possible. The graph of converted wall length

and corresponding framing time for exterior walls is presented in Figure 39.

Equation 2: Exterior wall converted length
CL(E) = a*C + B*L
where:
CL(E) = Wall Converted Length [ft.];
C = Total number of Components;
L = Linear length of wall [ft.];
a = 0.87 = Wall converting coefficient; and

B = 0.2= Wall converting coefficient.
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Figure 39: Correlation of converted wall length and required man-hours

Wall framing duration is effectively changing with a significant variance due to
the wall converted length. Therefore, the collected data is tested with a number of
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distributions in order to find a fitted data distribution to express target man-hour
requirements. Selected data distributions, including Beta, Gamma, Log-Normal,
Triangle, and Normal distribution, are fitted to the wall framing duration data set.
The Probability Density Function (PDF) of data distribution is shown in Figure 40
for exterior walls and in Figure 41 for interior walls. Kolmogorov Smirnov,
Anderson Darling, and Chi-Squared tests are used to find the most fitted
distribution as presented in Table 9 and Table 10 for exterior and interior walls,
respectively. According to the presented ranking, Log-Normal distribution is a
better fit to estimate both exterior and interior wall framing probabilistic man-

hour requirements with the presented parameters.
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Figure 40: Probability Density Function of exterior wall man-hour requirement
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Figure 41: Probability Density Function of interior wall man-hour requirement
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Table 9: Goodness of fit test for man-hour data distribution for exterior wall

Exterior Wall Duration
Fitting Results Goodness of Fit - Summary
Distribution |Parameters N KoImF)gorov Anderson Chi-Squared
Distribution Smirnov Darling

Beta al=0.68403 a2=1.1809 Statistic |Rank| Statistic | Rank | Statistic | Rank

a=30.0 b=190.0 Lognormal 0.12492 1 0.42393 1 0.74307 2
Gamma a=3.8528 b=23.888 Triangular 0.15015 | 2 2.5779 5 |0.82257| 3
Lognormal |[s=0.48663 m=4.4034 Gamma 0.15461 | 3 | 0.56934 2 0.48095 | 1
Normal s=46.889 m=92.036 Beta 0.16422 4 2.3079 4 1.4643 4
Triangular m=56.107 a=24.0 b=190.0 Normal 0.21828 | 5 1.3718 3 3.5029 5

Table 10: Goodness of fit test for man-hours data distribution for interior wall

Interior Wall Duration
Fitting Results Goodness of Fit - Summary
Distribution |Parameters N Kolmf)gorov Andertson Chi-Squared
Distribution Smirnov Darling

Gamma a=2.0384 b=6.6758 Statistic |Rank| Statistic | Rank | Statistic | Rank
Lognormal |[s=0.71452 m=2.3636 Lognormal(3P) | 0.10847 | 1 | 0.81033 1 7.8849 4
Lognormal(3Ps=1.0192 m=1.9754 g=2.4223 Gamma 0.11603 | 2 0.9708 3 5.4679 2
Normal $=9.5312 m=13.608 Lognormal 0.12156 | 3 | 0.94546 2 7.2958 3

Normal 0.17689 | 4 2.1836 4 4.2657 1

The labor productivity rate by which to measure the hourly productive output is

calculated satisfying Equation 3. A probabilistic distribution is fitted to represent

the productivity rate at the wall framing station, as shown in Figure 42 for exterior

and in Figure 43 for interior walls. According to the goodness of fit test ranking as

presented in Table 11 and Table 12, Log-Normal distribution and Gamma

distribution are best fitted to estimate the exterior and interior wall framing

probabilistic productivities, respectively.

Equation 3: Productivity rate calculation

Produced output PO
D

Pr = -
Total time

where:
Pr = Productivity rate
PO = Productive target Output [(ft.), (sg. ft.)...]; and

TMhr = Total man-hour requirement [mhr];
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Figure 42: Probability density function of exterior wall productivity rate
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Figure 43: Probability density function of interior wall productivity rate

Table 11: Goodness of fit test for productivity data distribution for exterior wall

Exterior Wall Productivity
Fitting Results Goodness of Fit - Summary
o Kolmogorov Anderson .
Distribution |Parameters o ) . Chi-Squared
Distribution Smirnov Darling

Beta al1=0.73242 a2=1.5971 Statistic |Rank| Statistic | Rank | Statistic | Rank

a=26.287 b=58.785 Lognormal 0.12315 1 | 0.56158 1 1.0017 1
Gamma a=19.489 b=1.8731 Beta 0.13666 | 2 2.0752 5 1.1964 2
Lognormal [s=0.20604 m=3.5752 Gamma 0.14247 | 3 0.7135 2 2.0432 3
Normal 5=8.269 m=36.505 Triangular 0.15411 | 4 2.0496 4 6.9107 5
Triangular m=26.287 a=26.287 b=58.785 Normal 0.17053 | 5 1.0955 3 4.8889 4
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Table 12: Goodness of fit test for productivity data distribution for interior wall

Interior Wall Productivity
Fitting Results Goodness of Fit - Summary
o Kolmogorov Anderson .
Distribution |Parameters L . R Chi-Squared
Distribution Smirnov Darling

Beta al=0.81992 a2=1.0737 Statistic |Rank| Statistic | Rank | Statistic | Rank

a=25.714 b=132.0 Gamma 0.10143 1 0.66484 1 4.2755 2
Gamma a=5.8699 b=11.335 Lognormal 0.11689 2 0.74458 3 6.775 3
Lognormal [s=0.43729 m=4.1072 Normal 0.11828 | 3 | 0.69596 2 3.292 1
Normal s=27.464 m=66.538 Beta 0.14856 | 4 1.4815 4 6.926 4

On the other hand, as previously mentioned, in order to obtain an accurate labor
allocation plan, the actual man-hour requirements must be estimated based on
each module’s dimensional properties. For this purpose, a trend analysis is
performed to extract the underlying pattern of required man-hours as they change
based on module specifications. The actual probabilistic distribution to represent
the total time to complete exterior and interior wall framing based on walls’
dimensional properties is calculated satisfying Equation 4 and Equation 5,

respectively.

Equation 4: Exterior wall man-hour requirement
TMhr = [a x CL(E)] — B
where:
TMhr = Total man-hour requirement [mhr];
CL(E) = Wall Converted Length [ft.];
a = 2.7 = Productivity rate [mhr/ft.]; and
B =47.2 = Statistical constant.

Equation 5: Interior wall man-hour requirement
TMhr = a * (ef*©)
where:
TMhr = Total man-hour requirement [mhr];
C = Total number of wall Components;
a = 0.98 = Productivity rate [mhr/C]; and

B =0.21 = Coefficient of variation.
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The probabilistic and actual man-hour requirements for the activities in each
workstation are calculated using the same methodology. The final results for
actual required man-hours for framing stations are discussed below. In the floor
station, as shown in Figure 44, first the joist spacing is marked on the lumber on
the length side of the floor in order to nail the hangers. Then the joists are located
and nailed to the hangers and lumber. After securing the joist positions with
restraint straps, lumber for the width side of the floor is nailed, and all lumber is
covered with plastic vapour barrier. Finally, the floor is covered by board
sheathing. Analysis of the collected data from the time study reveals that the
required man-hours to frame a floor depend on the total number of single- and
double-joists in the floor. The graph illustrating the number of joists and length of
floor with corresponding framing time is presented in Figure 45: Correlation of
converted floor length and required man-hour. The converted length of the floor is
calculated satisfying Equation 6. The actual total required number of man-hours
to complete framing of the floor based on its dimensional properties is calculated
satisfying Equation 7.

Figure 44: Floor station

122



Duration
2 (mhr)
@ Floor

Floor Framing

20

L 2 4

18 4 \ 4
L 2
16

U4+—o oo
o

12

g

10

45 50 55 60 65 70 75 80 85
Floor Converted length (ft)

Figure 45: Correlation of converted floor length and required man-hour

Equation 6: Floor converted length

CL(F) = a*DJ + (p + 0)*SJ
where:

CL(F) = Floor Converted Length [ft.];

DJ = Total number of Double Joists;

SJ = Total number of Single Joists;

a = 1.11 = Double joist converting coefficient;

B = 0.76= Single joist converting coefficient; and

& = spacing between joist = 16”.

Equation 7: Floor framing man-hour requirement
TMhr = a x (ef*CL()
where:
TMhr = Total man-hour requirement [mhr];
CL(F) = Floor Converted Length [ft.];
a = 5.05 = Productivity rate [mhr/ft]; and
B =0.017 = Coefficient of variation.

In the roof station, as shown in Figure 46, first a platform is built based on the
roof/ceiling layout in order to frame trusses on top. Then the roof trusses and hip
jacks are placed between the designed spacing and secured with ridge boards and
plywood. Then, structural fascia and fly rafters are assembled. Finally, the roof is
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covered partially by board sheathing in order to spray insulation in a later station.
To frame a ceiling for lower floors, first side plates are placed and joists are
located between the designed spacing. After installing insulation, bracelet plates
are nailed in a curve position as a temporary guard which will be removed after
on-site assembly. Analysis of the collected data from the time study reveals that
the required number of man-hours to frame a roof depends on the total number of
trusses and hip jacks in the roof. Also, the required number of man-hours to frame
a ceiling is a function of the ceiling area. The graph illustrating roof/ceiling
converted length and corresponding framing time is presented in Figure 47. The
converted length of the roof and the actual total required man-hours to complete
framing of the roof based on its dimensional properties are calculated satisfying
Equation 8 and Equation 9, respectively. Also, the converted length of the ceiling
and actual total required man-hours to complete framing of the ceiling based on
its dimensional properties are calculated satisfying Equation 10 and Equation 11,

respectively.

Figure 46: Roof/Ceiling station
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Figure 47: Correlation of roof/ceiling converted length and required man-hours

Equation 8: Roof converted length
CL(R) = T*(1+ o) +H
where:
CL(R) = Roof Converted Length [ft.];
T = Total number of Trusses;
SJ = Total number of Hip jacks; and
a = Spacing between joist = 2 ft.

Equation 9: Roof framing man-hour requirement
TMhr = a x (eP*CL(R)
where:
TMhr = Total man-hour requirement [mhr];
CL(F) = Roof Converted Length [ft.];
a = 2.8 = Productivity rate [mhr/ft]; and
B =0.025 = Coefficient of variation.

Equation 10: Ceiling converted length
CL(C) =CJ *p
where:
CL(C) = Ceiling Converted Length [ft.];
CJ = Total number of Ceiling Joists; and

B = Spacing between joist = 16”.
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Equation 11: Ceiling framing man-hour requirement
TMhr = a x CL(C)
where:
TMhr = Total man-hour requirement [mhr];
CL(C) = Ceiling Converted Length [ft.]; and
a = 0.7 = Productivity rate [mhr/ft.].

The on-line production starts with the station where walls are assembled on the
floor, after which the structure is squared, as shown in Figure 48. After the floor
structure moves to this station, the remaining sheathing is completed and the floor
is marked for wall locations. The exterior walls that are compiled between the
framing table and cubing station are lifted with an overhead crane, placed on top
of the floor, and then are nailed. After cubing the building with exterior walls,
interior walls are put in place, nailed together, and then nailed to the floor.
Workers square the corners and check the height balance to make sure the cube is
right-angled.
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Figure 48: Wall set and cubing station

The results of analysis of the collected data from the time study reveal that the
required number of man-hours to cube and set the walls depends on the total
number of exterior and interior walls on the given floor. The graph related to
number of walls and corresponding time to cube the structure is presented in
Figure 49. The converted factor for cubing and the actual total required man-hours
to complete cubing based on the module’s dimensional properties are calculated

satisfying Equation 12 and Equation 13, respectively.
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Figure 49: Correlation of cubing converted factor and required man-hours

Equation 12: Cubing converted factor
CF = (a*Wg) + (B *W)
where:
CF = Cubing converted factor;
WEe = Total number of exterior walls;
W, = Total number of interior walls;
a = 5.1 = Exterior walls converting coefficient; and

B =1.15 = Interior walls converting coefficient.

Equation 13: Cubing man-hour requirement
TMhr = a * (ef*¢F))
where:
TMhr = Total man-hour requirement [mhr];
CF = Cubing converted factor;
a = 3.42 = Productivity rate [mhr/CF]; and
B =0.03 = Coefficient of variation.

The probabilistic and actual man-hour requirements for the activities at all the
workstations through the production line are calculated using the same
methodology according to the performed time-study data as presented in Table
13. In order to prevent errors caused by manual calculation during the

quantification phase, an interface is developed in Microsoft Excel as presented in

128



Figure 50, where extracted data from the BIM model is stored and categorized to

quantify probabilistic and actual man-hour requirements, assign a proper

distribution, and export the distribution to the a Microsoft Access database which

is used as a bridge to transfer data to the simulation model.

Wall Schedule

Type Foor Wall Area ‘U!Iidth Length | Height Window (ft) | Doorl (ft) Door2 (ft)
ID (Saft) (inch) (ft) (ft) | width |Height| Width |Height| Width |Height Wall Estimator
Exterior Wall-6"  |1st | M1E | 142.03 | 6.00 | 21.30 | 6.64 | 5.91 | 4.92
Interior Wall - 3 1/2" [1st M1l | 13.80 3.50 | 5.48 | 252 4.00 | 6.67
Exterior Wall - 6" [1st | M2E | 10412 | 6.00 | 13.12 | 7.94 [\ Total Area Estimator -2 |
Interior Wall - 3 1/2" [1st M2 | 4047 3.50 | 5.48 | 7.39
Exterior Wall - 6" 1st M3E 63.67 6.00 12.50 5.09 Choose the Floor : ’W‘
Exterior Wall - 6" |1st | MaE | 40.47 6.00 | 5.00 | 8.09
Interior Wall - 3 1/2" [ 1st mal | 54.73 3.50 | 9.04 | 6.05 103.784062
Exterior Wall-6"  |1st | MSE | 33.42 | 600 | 7.00 | 4.77 sl
Interior Wall - 3 1/2" |1st M5l 13.01 3.50 4.06 3.20 15.34776
Exterior wall - 6" 1st M6E | 88.45 6.00 | 11.52 | 7.68 ég-gggg;
Interior Wall - 3 1/2" | 1st M6l | 41.82 3.50 | 531 | 7.87 13.43521
Exterior Wall-6"  [1st | M7E | 146.36 | 6.00 | 17.83 | 8.21 47.02448
Interior Wall - 31/2" [1st | M71 | 21.92 | 3.50 | 3.00 | 7.31 A
Exterior Wall-6" [1st | M8E | 127.41 | 6.00 | 19.50 | 6.53 38.89463
Interior Wall - 3 1/2" [1st msl | 31.03 3.50 | 3.98 | 7.80
Interior Wall - 3 1/2" |1st M9l 63.06 3.50 8.04 7.84 Distribution :’W
Interior Wall- 31/2" [1st | m101| 50.92 3.50 | 677 | 7.52
Interior Wall-51/2" [1st | m111| 45.53 550 | 5.63 | 8.09
Interior Wall- 31/2" [1st | M121] 37.59 3.50 | 6.77 | 555 2.00 | 6.67
Interior Wall- 31/2" [1st | M131| 17.85 3.50 | 5.90 | 3.03 4.00 | 6.67
Interior Wall-51/2" [1st | M141| 26.64 550 | 3.00 | 8.88
Exterior Wall-6"  |2nd | S1E | 140.61 | 6.00 | 18.72 | 7.51 | 3.94 | 3.28
Interior Wall-31/2" [2nd | su1 | 133.40 | 3.50 | 20.98 | 6.36 2.67 | 6.67 | 2.67 | 6.67
Exterior Wall-6"  |2nd | S2E | 129.75 | 6.00 | 1578 | 8.22
Exterior Wall-6"  |2nd | s3e | 63.67 6.00 | 12.50 | 5.00 | 7.50 | 5.00
Interior Wall-31/2" [2nd | 831 | 49.55 3.50 | 9.81 | 5.05 4.00 | 6.67

Figure 50: Developed interface to automate production assessment
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Table 13: Total man-hours for sample modules in time-study

Module 420A (Module 420B| 420 | Module 432 | Module 433 | Module 434 (Module 442A(Module 442B| 442 |Module 443A(Module 443B| 443 |Module 431A|Module 431B| 431
Station Tasks Man 706 saft 698 saft 1584 sqgft 1320 sqoft 1584 sqft 665 sqaft 665 saft 665 sqft 665 sqft 660 sqft 609 sqft
D MHR Hour  MHR MHR Hour  MHR Hour MHR Hour MHR Hour  MHR Hour  MHR MHR Hour MHR Hour MHR MHR Hour  MHR Hour MHR | MHR
Floor 2 8.5 17 8 16 33 11 22 9 18 10 20 7 14 7 14 28 7 14 6 12 26 7 14 5.5 11 25
Mechanical & plumbing 3 0 0 2.5 7.5 7.5 1 3 1 3 3 9 0 0 2 6 6 0 0 2 6 6 0 0 2 6 6
Roof 2 0 0 9 18 18 23 46 16 32 6 12 0 0 7 14 14 0 0 7.5 15 15 0 0 13 26 26
Ceiling 2 8 16 0 0 16 0 0 0 0 21 42 6.5 13 0 0 13 6 12 0 0 12 6 12 0 0 12
Wall framing 1 18 18 16 16 34 24 24 21 21 22 22 10 10 12 12 22 7 7 11 11 18 12 12 14 14 26
Wall set-cubing 2 9 18 8 16 34 16 32 | 155 31 15 30 6 12 8 16 28 6 12 7.5 15 27 6 12 5.5 11 23
Rough-in 4 5 20 5 20 40 8 32 7 28 8 32 4 16 3 12 28 3 12 3 12 24 3 12 3 12 24
Electrical installation 4 7 28 6 24 52 4 16 4 16 4 16 5 20 7 28 48 5 20 7 28 48 7 28 7 28 56
Insulation 2 8.5 17 8 16 33 12 24 11 22 12 24 8 16 8 16 32 8 16 8 16 32 8 16 8 16 32
Boarding drywalls 4 8 32 7 28 60 14 56 12 48 12 48 6 24 7 28 52 6 24 7 28 52 7 28 6 24 52
Taping 4 9 36 8.5 34 70 16 64 15 60 15 60 8 32 8 32 64 8 32 8 32 64 8 32 6 24 56
Roof insulation & shingle | 2 0 0 8 16 16 12 24 11 22 12 24 0 0 8 16 16 0 0 8 16 16 0 0 10 20 20
Exterior finishing 2 14 28 12 24 52 28 56 24 48 28 56 12 24 10 20 44 12 24 10 20 44 12 24 10 20 44
Texture & Prime 2 9 18 8 16 34 15 30 14 28 15 30 8 16 16 32 8 16 18 34 9 18 7 14 32
Interior finishing 1 2 8.5 17 8 16 33 18 36 15 30 17 34 7 14 8 16 30 8 16 8 16 32 8 16 6 12 28
Paint 1 2 14 28 13 26 54 28 56 24 48 28 56 12 24 12 24 48 12 24 12 24 48 12 24 10 20 44
Cabinet 2 9 18 3 6 24 12 24 11 22 12 24 8 16 3 6 22 9 18 3 6 24 9 18 3 6 24
Hardwood 2 14 28 0 0 28 16 32 14 28 16 32 12 24 0 0 24 12 24 0 0 24 12 24 0 0 24
Tile & Carpet & Vinyl 4 3 12 6 24 36 10 40 8 32 10 40 2 8 6 24 32 2 8 6 24 32 2 8 5 20 28
Interior finishing 2 2 7 14 4 8 22 12 24 10 20 12 24 6 12 4 8 20 6 12 4 8 20 6 12 3 6 18
Mechanical finishing 2 7 14 6 12 26 13 26 12 24 12 24 7 14 5 10 24 6 12 5 10 22 5 10 4 8 18
Paint 2 2 7 14 7 14 28 15 30 12 24 14 28 6 12 6 12 24 6 12 6 12 24 6 12 5 10 22
Wrapping & cleaning 2 6 12 6 12 24 10 20 10 20 10 20 6 12 6 12 24 6 12 6 12 24 6 12 5 10 22
QC & Load Out 2 4 8 4 8 16 6 12 6 12 6 12 5 10 4 8 18 4 8 4 8 16 4 8 3 6 14
Total (MHR) 58 |183.5 413 | 163 377.5(790.5| 324 729 |282.5 637 | 320 719 |151.5 343 | 149 350 | 693 | 147 335 | 148 349 | 684 | 155 352 | 141 324 | 676
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4.4, PHASE |11 - PRODUCTION PROCESS ANALYSIS TO PROPOSE

IMPROVEMENTS

In this phase, the current production process of the case study is analyzed and a
current-state VSM of the production process is developed to find existing defects
and opportunities for future improvement. Next, based on existing Lean strategies
and proposed Lean-Mod strategies, a number of recommendations are proposed to
improve the efficiency of the production process.

4.4.1.Lean Transformation

Currently the production process at Igloo has transformed from traditional stick-
built construction operation within an enclosed indoor environment to Lean
practice. Igloo is now on the second phase of its Lean journey, with the
foundation of Lean implementation having been built; however, the process still is
hampered by several deficiencies. Lean is a continuous improvement practice
targeting opportunities for improvement and production efficiency. The Lean

transformation practice of the case study is discussed below.

1. Lean helps organizations to contemplate the move to a production system
with greater capacity. The first step is to analyze the capacity of the
existing system by mapping the current-state which in the case study was
stick-building under a roof through a stall-built system. This system
consisted of a series of numbered bays with each house built in one bay.
The capacity was limited by the number of bays, and it was required to
look for the availability of a free bay to build a new house. The
construction process of houses was similar to the stick-built construction
process; and the concept of a production line was not present in this
process and resources were moving to one house to complete an activity.
The production capacity prior to Lean implementation was equal to the
number of bays (18), and the cycle time varied between one month to

eight months depending on the house size and complexity, since the
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process was not standardized and the sequence of activities was dependent
on sub-contractor arrangements. The capacity of the current-state map did
not match the organization’s capacity requirements, so there was a need to
increase the capacity.

. After calculating the existing capacity and estimated required capacity,
preliminary planning of various types of production lines, possible layouts
of the buildings were proposed in order to come up with an optimum size
and layout, and different configurations in the plant were considered to
determine the optimum number of physical production line workstations.
For this purpose the most probable building size was analyzed to design
the physical size of line spots and, consequently, to design different plant
configurations. In order to find the optimum number of production line
stations, it was necessary to understand the production process; job
sequence; activity cycle times; required resources, including labor,
equipment, and material; and process time, including activity durations,

waiting times, and setting times.

VSM as a Lean tool gives a snapshot of the process, bringing stakeholders
together in one room to walk through the process using sticky notes on the
wall. This tool helps new personnel in the organization to understand how
things are done. Also, this is an effective communication tool for the
people who are already involved in the organization since many of them
are not aware of other people’s responsibilities and how they are
connected to one another. It thus provides stakeholders with a snapshot of
the reality of what is happening in the process compared to the theoretical
written procedure. This practice helps to define actual duration and
resource requirements for activities as defined by personnel actually
involved in the activities who thus realistic measures. The next step after
defining resource requirements is to balance resource usage through the
production line by breaking down activities into VSM and moving the
scope of the work to balance resources throughout production line.
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4. The initial goal of VSM is to reduce non-value-added activities and waste.
Obstacles, defects, and errors were identified by value mapping the
process, and people were assigned to solve the identified problems. Then,
a process map for the future-state was developed based on the assumption
that the identified problems from the current state have been solved. Such
information helps to have a target by which to solve problems and create a
development plan. VSM is a complicated technique, but the mapping
process and communication among all stakeholders it facilitates make it
the most useful tool in Lean application, since it provides a clear view of
the process and problems, as well as giving a practical understanding of

Lean which validates the theoretical advantages of Lean.

5. The next step was to implement the future-state process map and execute
outputs from the mapping sessions. The challenge was to find champions
to implement the future-state map and organize resources at particular
workstations in order to achieve 5S as part of Lean, and create standard
work tasks for each station. In order to level the production line with
respect to different products with varied Takt times, inventory was used to
hold some of the products. Although the inventory helps to keep the
current lead time and balance the labor requirements for different
products, inventory stock must be reduced and ultimately eliminated by
leveling the production rate.

The current-state value stream map of the case study is generated sequentially in
order to depict the production line layout and schedule as presented in Figure 51.
The value stream is identified and mapped for each group of activities and flow of
material and information. Critical path, bottlenecks, and flow obstructions are
defined. The current-state map is analyzed and challenged from the current Lean
point of view as well as from the proposed Lean-Mod standpoint in order to

determine problem areas and opportunities for improvement.
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Figure 51: Current-state value stream map of the case study

4.4.2. Recommendations for Efficiency Improvement

Following detailed and accurate analysis of the production process of the case

study, several recommendations are proposed in order to improve production

efficiency. The first set of proposed recommendations is general improvements

based on current Lean strategies and proposed Lean-Mod strategies that are

applicable to any MCM organization. General recommendations are discussed in

the following section.
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4.4.2.1.5S Implementation

5S is one of the basic and essential techniques in Lean practice, which is basically
organization and housekeeping program. This technique must be implemented
across all stations and working areas. The studied area for the case study is the
storage area, which constantly affects production flow due to the difficulty in
locating tools, materials, and components, as presented in Figure 52. The 5S
method includes five primary steps: sort, set in order, shine, standardize, and
sustain. Additional steps such as safety and security are other helpful aspects to be
considered. The 5S event is initiated by area workers mainly for the purpose of
eliminating disorganization and keeping the work area neat and clean, as
presented in Figure 53. The 5S target is achieved through the following changes:
removing unnecessary tools and materials from the area, building racks and
storage cabinets with associated controlling visual labels to organize materials,

creating checklists and colored tags to facilitate material replenishment, and

sweeping and cleaning the area as an everyday practice.

Figure 52: Storage area before 5S event
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Figure 53: Storage area after 5S event

The 5S implementation effectively improves downtime to locate tools and
materials. The new clean and spacious storage area reduces instances of defects
and damaged tools. Material inspection is also performed more easily with fewer

mistakes with respect to quality check, inventory level, and consumption level.
4.4.2.2.Resource Allocation Plan

To level the production of modular construction, it is required to balance labor
requirements and define Takt time, along with a labor allocation plan, based on
each product’s specifications. Labor requirements vary widely from module to
module due to product fluctuation. In the existing practice, exact numbers of
workers are assigned to each workstation who are responsible for specific tasks.
Therefore, based on module specifications, labor personnel remain idle or
overloaded from time to time. For example the main floor and upper floor of a 2-
storey module are built back-to-back in the production line. The main floor
module comes with kitchen and bathroom cabinets, whereas the upper floor
module only requires bathroom cabinet installation. Therefore the cabinet crew
stretches their workers in order avoid idle time, which constitutes a case of poor
labor utilization. In a different manner, larger modules require more time for most
activities, such as exterior finishing. Since line pulls happen at Takt time
regardless of whether siding and soffit are installed, workers follow the module

downstream, carrying required tools and material to complete exterior finishing.
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To reach the ideal production pace through a continuous flow, the production line
must run with equal production rates for all workstations in order to complete
modules within the Takt time regardless of variation in size, layout, or
specifications. In the real world it is not practical and rational to force activities to
take place with equal production rates since this increases labor requirements as
well as creating high variation in labor utilization. Instead, imposing an equal
Takt time for all the on-line critical stations is a more effective and practical way
of creating a continuous flow throughout the production line. In this practice, a
group of multi-skilled labor personnel is required who are able to work in any
station along the production line as needed. To develop a proper resource
allocation plan in order to complete activities at all stations and pull the
production line at Takt time, a simulation model of the production process is able
to challenge the impact of labor requirements on line balancing based on module
properties. In this regard, the development of a simulation model and analysis of

potential scenarios are discussed in a later section.
4.4.2.3.Justify Material and Tools Staging

In order to justify material handling, a Kanban inventory control system must be
used to load-out and replenish materials at each station. The material handler
picks up Kanban cards daily from each workstation and performs the necessary
replenishments and material staging. The material staging location must be
located close to the point of use. Also, the necessary tools must be available at
each station and located in a place as close to the point of use as practical so that
workers do not need to leave their workstation to obtain a required tool. For this
purpose, portable work-carts are provided for each station containing necessary
tools for specific tasks taking place in the stations. Figure 54 shows portable

work-carts and the material staging point at the case study plant.
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Figure 54: Portable work-carts and material staging point

The other set of recommendations is proposed particularly to improve and reduce
existing defects and deficiencies in the existing production practice of the case
study. Specific recommendations are discussed in following section.

4.4.2.4.Moving Work Upstream

One of the major challenges identified in investigating the production process of
the case study is the assignment of activities to various stations. The walls are set
on the floor and the roof is assembled on walls at the first station in the production
line. Cubing the module at the beginning of the process creates issues such as the
following: (1) a cubed module occupies a large space, therefore reducing the
production capacity and limiting the number of modules that can fit in the plant;
(2) the existing columns and facilities (e.g., washrooms, storage spaces) in the
plant serve to limit the movement of modules through the production line. This
issue causes problems for modules of a larger size than regular products. To solve
this problem, the layout of workstations in the plant must be reconfigured and the
process simulated before modules actually enter the production line. Depending
on the module size, the issue may remain unsolved due to a likely collusion
between the module and columns or facilities within the plant; (3) modules are
transported from station to station using air jacks by five workers, with this

process taking an average of 15 minutes. The size and variation of modules limits
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utilization of advanced transportation techniques; (4) many activities are
occurring on-line through the production line, which limits the assignment of
activities to the workstations based on the number of labor personnel available to

simultaneously on a given module.

To address this problem, other activities must migrate upstream with the result
that cubing occurs at the very end of production line, as presented in the proposed
future process map in Figure 55. A preliminary investigation of the prospect of
spreading activities upstream and simulating the process shows a 15% reduction
in module fabrication time compared to the existing practice of manufacturing.
Further investigation is required to evaluate the future work sequence,
manufacturing techniques, and advanced equipment needed to achieve the
efficiency improvement objective. The proposed layout provides the opportunity
to optimize sub-assembly scheduling, including the optimum sequence of framing
panels to reduce time, and the optimum cutting pattern for plywood and drywall
to reduce waste. Figure 56 shows the existing process, where the module is
assembled at an early station in the production line. The module can be fabricated
in 148-168 hours within a 95% level of confidence. Figure 57 shows the results of
simulating the proposed change to move the cubing downstream and set the walls
later in the production line. In this state, the module can be fabricated in 124-142

hours within a 95% level of confidence.
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Figure 55: Proposed future process map to move wall assembly activities upstream
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Figure 56: Current process duration — Cubing of a module at an early station
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Task Name Duration
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Figure 57: Propose process duration — Cubing of a module at a later station
4.4.2.5.Balance Activities at Workstations

The production process starts at three parallel stations: floor framing, roof/ceiling
framing, and wall framing stations. Once the floor and walls are ready, the
module’s walls are assembled and the roof is lifted on to walls. At the time of the
study, the existing practice was to build the floor on the mezzanine and then lift it
to the first floor to set the walls. The floor sheathing would be left incomplete at
the floor framing station both to facilitate listing and to accommodate the limited
crane capacity. The floor would be sheathed partially, lifted down, moved to the
cubing station, and then the sheathing would be completed at the cubing station,
along with marking and measuring of wall locations, as presented in Figure 58.
The activity duration in the cubing station would be longer than at the previous
stations, which made the cubing station a bottleneck that would disrupt the
schedule, as presented in Figure 59. The proposed recommendation involves
moving the floor framing station to the first floor, finishing the sheathing, and also
transferring the layout marking activity from a downstream station to floor

framing station, as presented in Figure 60. Although the process time for the floor
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station is increased by the proposed change, the floor framing capacity is
increased and consequently the Takt time is reduced. Also, the Takt time at the
cubing station is reduced and matched to the previous stations to create a

continuous flow, as presented in Figure 61.
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Figure 60: Floor station after implementation of proposed improvement
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Figure 61: Floor station process map after implementation of proposed improvement
4.4.2.6.Jig and adjustable roof platform

In the existing practice the roofs are built on a platform which must be arranged

for different sizes of roofs, as presented in Figure 62. To configure the platform
143



size, first the roof plan is measured and marked on the platform. Since the
platform is heavy, pieces are lifted with an overhead crane, which involves
hooking up, moving, and unhooking the pieces. The locations of trusses are then
measured and marked on the platform. In order to improve the roof framing
process, an adjustable roof platform with roof jig is required which can be adapted
quickly to mimic the exterior walls of any module, is stable and rigid when set in
place, and can be set at a comfortable height for framing; with this improvement,
several corner sections could be fabricated, and set for different spacing of

trusses.

Figure 62: Roof station — existing platform to frame roof/ceiling

4.4.2.7. Advanced Tool Utilization

The existing process involves various numbers of non-value-added activities and
waste which are related to improper and low-efficiency tools and equipment. The
application of high-tech tools depends on the company’s budget and vision and
may not be a solution for every company. However, current tools and equipment
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can be modified in-house to improve the process. The following suggestions
improve work efficiency, increase productivity, advance ergonomics, and remove

waste from activities.

1. Modify wall framing table to reflect advanced features, such as a holding
fixture which ensures walls are square with no extra manual effort by
workers to square it; the ability to tilt up walls after framing and stack
them on the proper rack, flexible length that can be adjusted for any wall
length, the ability to permit further production increases by adding more
manpower to work on the table, the capability to allow installation of
insulation and drywall board under the studs for adhesive connection to
the wall, and the capacity to lift the wall from the table without the use of
a crane. In the existing system walls are built on a table with no jig such
that ensuring a square wall is the responsibility of the worker and is
contingent upon their skill. After walls are framed, they are removed from
the table by an overhead crane and stacked on the floor area between the

wall framing and cubing stations.

2. Add a fixture, such as a radial arm, to the stud cutter saw with metric
abilities to cut studs and plates to size. In the existing process, every single
stud is measured and marked, and then cut. The pre-measured fixture

reduces the cutting component duration.

3. Create racks for roof/ceiling station on the mezzanine to place studs and
plates in order to improve organization of the space while resolving
ergonomic issues. In the existing process, studs are located on the floor
and occupy a large space; also, workers have to repeatedly move to pick
up studs or trusses and carry them to the framing area, as presented in
Figure 63. The area is disorganized, the process contains waste, and the
worker performance raises ergonomic issues. These problems needs to be

addressed by creating a new staging area for roof and ceiling components
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close to the point of use, and by facilitating components transportation by

means of rolling stands.

Figure 63: Roof station deficiencies

4.5. PHASE IV - DEVELOPING SIMULATION MODEL

In this phase, simulation models of the current and future states of the production
process are generated in Simphony.NET 4.0. The current-state production process
is generated based on the developed current-state VSM. Numbers of labor
personnel are constant variables and activity durations are defined based on the
determined data distributions. The future-state production process is generated
based on the proposed recommendations. The simulation model depicts the
production line layout; individual and overall production schedules through the
production line for 10 modules that vary in size and specifications; resource
requirements based on each module’s dimensional properties; and the optimum
Takt time to reach an optimum resource allocation plan. The inputs for this model
are frontloaded from information in the BIM-generated 3D model, which is
extracted and sorted into a spreadsheet, and man-hours requirements are
calculated based on quantification rules. Man-hour requirements are then
imported into a database which is linked to the simulation model. The simulation
model delivers results for different production scenarios and provides the
opportunity to evaluate the proposed future state in order to optimize the
production process.
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4.5.1. Current-State Simulation

The current-state simulation model of the factory production line is shown in
Figure 64. All activities and their sequences in each station are generated and
proper data distributions for the processing time of each activity are defined. In
this model, the current-state of the production process is simulated based on the
developed current-state VSMs for 10 sample modules. The numbers of assigned
labor personnel are fixed at each station and there is no cross-training through the
production line. Modules vary slightly in size and specifications, entailing that
processing times for modules are not uniform. The variation range is limited in
order to identify defects in situations in which the source of deficiency is not
obvious. The results of the simulation model comprise processing time for sample
modules to be fabricated at each station, total processing time, idle time, and total
man-hour requirements for the current-state production process. A sample output
chart of simulation for processing time of modules is presented in Figure 65.
Variations in processing time at each station for different modules are plotted in
output charts as presented in Figure 66 and Figure 67 for floor station and roof
station, respectively. Total processing times for all the sample modules are
presented in Figure 68. Processing hours to complete each module at different
stations and overall are presented in Table 14, and duration variation is given in

Figure 69.
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Figure 65: Output chart from the simulation module for processing time
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Figure 66: Processing hours for different modules at the floor framing station
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Figure 67: Processing hours for different modules at the roof framing station
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Table 14: Current-state simulation results

Workstation Processing hours
Modulel | Module2 | Module3 | Module4 | Module5 | Module6 | Module7 | Module8 | Module9 |[Module10
Station #1A - Wall framing 16.8 16.01 17.77 15.5 12.01 18.01 20.71 17.77 19.67 20.71
Lift walls to floor 0.24 0.24 0.25 0.24 0.25 0.25 0.25 0.25 0.25 0.25
Station #1B - Floor 10.44 13.11 11.17 13.65 11.97 14.92 15.28 11.17 14.91 15.28
Lift floor to next station 0.26 0.27 0.26 0.27 0.26 0.25 0.26 0.26 0.25 0.26
Station #1C - Roof 10.27 11.38 11.67 11.51 11.21 12.38 16.58 11.67 12.70 13.28
Lift floor to next station 1.85 2.22 2.32 2.60 2.18 1.74 2.65 2.32 1.47 2.19
Station #1 - Wall set 13.85 13.79 14.56 13.76 11.32 13.13 18.23 14.56 14.83 15.03
Complete floor sheathing 2.83 1.67 2.07 1.88 2.89 3.19 3.77 2.07 3.73 3.98
Move module to next station 0.24 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.24
Station #2 - Rough-in 5.13 6.80 5.17 5.64 5.36 6.44 7.02 5.17 6.50 6.38
Roof assembly 3.35 6.80 3.79 3.87 3.07 4.20 4.98 3.79 4.81 4.98
Rough-in 4.15 4.80 4.23 4.80 3.96 5.11 6.03 4.40 5.86 5.10
Electrical installation 5.13 5.86 5.17 5.64 5.36 6.44 7.02 5.17 6.50 6.38
Move module to next station 0.24 0.25 0.24 0.25 0.26 0.25 0.24 0.24 0.25 0.24
Station #3 - Insulation 8.54 8.74 8.76 9.59 8.81 10.31 10.52 8.76 11.19 10.86
Move module to next station 0.22 0.26 0.26 0.26 0.27 0.25 0.26 0.26 0.25 0.26
Station #4 - Boarding drywalls 10.15 12.07 13.11 12.91 9.51 13.53 15.44 13.11 13.32 14.13
Move module to next station 0.23 0.26 0.25 0.26 0.25 0.25 0.25 0.25 0.25 0.25
Station #5 10.06 16.12 15.62 15.41 9.34 15.98 17.01 15.62 15.01 15.14
Taping, Mudding 10.06 16.12 15.62 15.41 9.34 15.98 17.01 15.62 15.01 15.14
Roof insulation, Shingle 7.01 12.27 9.00 12.23 7.95 14.40 12.48 9.00 14.73 12.95
Move module to next station 0.23 0.26 0.24 0.26 0.26 0.23 0.24 0.24 0.23 0.24
Station #6 11.15 13.74 11.57 12.78 10.42 13.39 13.94 11.57 14.90 13.62
Exterior finishing 11.04 12.89 11.57 12.78 9.25 13.39 13.94 11.57 13.23 13.62
Texture & Prime 11.15 13.74 11.48 12.38 10.42 13.35 12.58 11.48 14.90 13.20
Move module to next station 0.23 0.24 0.24 0.24 0.25 0.27 0.24 0.24 0.27 0.24
Station #7 - Interior finishing 1 9.3 11.18 10.10 11.42 8.98 12.03 12.43 10.10 12.56 12.72
Move module to next station 0.25 0.26 0.25 0.26 0.26 0.26 0.25 0.25 0.26 0.25
Station #8 - Paint 1 10.39 14.99 12.05 14.20 9.22 15.14 15.38 12.05 15.53 15.77
Move module to next station 0.25 0.24 0.25 0.24 0.23 0.23 0.25 0.25 0.23 0.25
Station #9 - Cabinet 12.91 14.68 13.15 14.82 10.23 14.45 13.03 13.15 15.02 13.95
Move module to next station 0.25 0.26 0.23 0.26 0.24 0.24 0.23 0.23 0.24 0.23
Station #10 - Hardwood 9.2 10.04 9.63 9.34 8.37 10.53 11.93 6.63 10.80 11.80
Move module to next station 0.24 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.26
Station #11 - Tile & Carpet & Vinyl| 10.54 12.72 11.23 12.02 9.87 12.07 13.99 11.23 12.49 13.06
Move module to next station 0.24 0.24 0.27 0.24 0.27 0.26 0.27 0.27 0.26 0.27
Station #12 - Interior finishing 2 9.02 8.75 8.45 8.12 6.37 8.55 11.28 8.45 8.60 9.36
Move module to next station 0.23 0.26 0.25 0.26 0.25 0.26 0.25 0.25 0.26 0.25
Station #13 - Mechanical finishing |  4.55 6.12 491 6.16 4.96 6.41 6.39 4.91 6.38 6.90
Move module to next station 0.24 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Station #14 - Paint 2 8.36 7.72 6.44 7.25 7.08 8.19 9.26 6.44 8.79 9.36
Move module to next station 0.24 0.25 0.27 0.25 0.25 0.24 0.27 0.27 0.24 0.27
Station #15 - Wrapping & cleaning| 7.62 6.61 6.10 6.14 6.66 6.47 7.75 6.10 6.67 7.88
Move module to next station 0.24 0.25 0.24 0.25 0.24 0.25 0.24 0.24 0.25 0.24
Station #16 - QC & Load Out 6.15 7.49 7.23 7.76 5.34 7.41 8.10 7.23 7.15 7.92
Total processing hours| 172.47 | 195.74 | 184.50 | 191.57 | 153.22 | 201.21 | 223.08 | 181.50 | 208.85 | 215.03

The results of the simulation model demonstrate the variation in module
completion duration at each station. When a larger module enters the production
line, it is returned to the bottleneck of the production line, keeping upstream
stations idle. Also, modules in the downstream stations are unable to move since
the work on the previous module is not complete. As a result, the production
capacity is decreased and the scheduled target based on customer demand cannot
be reached.
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Figure 69: Processing time variation for sample modules in current-state
4.5.2. Future-State Simulation

The future-state of the production process is generated based on the proposed

recommendations as follows:

e The number of labor personnel at each workstation is not fixed. Takt time
is defined in such a way as to move the line at a steady space and create
continuous flow. Different scenarios are therefore run in order to find the
near optimum result for the Takt time at which an optimum resource
allocation plan is reached with the least fluctuation in labor requirements

for different modules.

e The layouts of the off-line framing stations (floor framing, roof/ceiling
framing, and wall framing) and cubing station are changed. The floor
framing station is moved to the ground floor of the plant, and all sheathing
is to take place at the same station. Also, the layout marking activity from
downstream station is transferred to the floor framing station. The
proposed layout eliminates three waste activities from the process: lifting
the floor with the overhead crane; undoing the air-jacks before lifting and
replacing them afterwards; and carrying necessary tools and material to

the next station to complete sheathing.
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e The required time to manually square the walls is eliminated by means of
jigs at the wall framing table. The required time to cut wall components is
reduced to half by means of a radial arm saw with measuring ability to cut
several pieces to size at once. The required time to prepare a platform for
roof/ceiling is reduced by 60% by means of an adjustable work platform to

set up the roof for various layouts.

e The idle time associated with material delivery delay is eliminated through
the use of just-in-time delivery for stream inventory along with Kanban

cards for material replenishment.

The future-state simulation model, as shown in Figure 70, determines resource
allocation plan scenarios of the future-state production process. This model runs
the simulation for a series of Takt times and calculates man-hour requirements for
a number of sample modules at all the stations through the production line. Then,
the best match for number of labor personnel at each station is defined, and, based
on this the man-hour fluctuation caused by module variation at individual stations
is measured as displayed in Figure 71. The model then calculates for each station
and for the entire production line (1) total labor idle time due to earlier completion
of a module; and (2) additional man-hour requirements due to late completion of a
module. The total required time that is covered by idle labors defines the required
number of labor personnel in the multi-skill worker crew that is cross-trained
through the production line to increase production rate at stations which are
behind the scheduled Takt time. The model is run to find the scenario with the
minimum man-hours not covered by the multi-skill worker crew. Table 15
presents the required number of labor personnel and labor fluctuations at the floor
station for sample modules for different scenarios, with Takt times ranging from 6
to 11 hours. In Table 16, total man-hour requirements and associated number of
labor personnel at each station are presented for scenario number (3), which has a

Takt time of 8 hours.
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Table 15: Labor requirements and labor fluctuation at floor station for different scenarios

Run Labor personnel requirements Labor fluctuation

35 1

s o

s \_ 05 g 1

£

z \ -

1 I =

(3]

15 E B

1 F=1 <)

-0.5 - >

05 é %

0 |_ D

0 1 2 3 4 5 6 7 8 9 10 1 710 3 4 5 [ 7 8 10 n

=

: o 0 &

2 \ NIV 29

02 \ ~ 8

2 15 ] I =

. \ 3

: N \ g

. o )\ 22

] s =3

0 1 2 3 4 5 6 7 8 g w11 2 3 4 5 6 7 8 N

154



GT = SINOY Pajanajun
8 =SJIno
sinoy g = awin el sin o ET = Sinoy pajeasiun G =sdnoy pajaAsIuN
I 0y 6 = awWn el sIno o peo1dD 9tuonels| w o |l o | Q ]
! Uy 0T = awn pel sinoy TT =awin Mel A B
- = ~ - Suidd N
- . desn stuoners| |0 %9131 %S| S o | | F|
2 2 .
El =
=} aued pruoneis| $1S Q1%
- ° .uumllZIannuumZ
e
»
. yan gTuoneis| N IQIRIQ
_ ) ) .~m11212m8MNMWZ
o L “
5 \ o zdouau uol = Q|
= . ) = >
< ~
S ™~ ad.e
o L © © dieyay Truoness| N F R T R 0| Qoo T[S
u L \\\ w ~N -
=] \\\\\\ \\\\\\\ L @
Y— w —— poompae & -
= . ) \\\\\ m u:o?ozﬁmzoﬁsmﬂuomom_mz
o - ’
5 . = JouIge o ~
: i p ge3  guopers| B 0| N QN R 0| Q0| Q[ B~
i . T <
g - < Tiued  guol Q0|0
. 1 1e1s| SR IR A I A A RA ]
- ~ ~_ ~ .| B R|R|B|3|RRRINRIR| G|«
- =
~ Tiouau|  zuoneis| QL @iw0
) « w .:w11222wnmflomm2
_ _ =
_ ] ainxa z-guoneis( R Q0T
d 3 4 & 4 1 a4 0 wouoners| &) 8] 8] | &) B %88 8 &)
s = 5§ % 8 |8 3 & % 3 3 sTle 28 & ° k=
3 B @ < T . . J0LIRIX3 T- LIRS
- s I B = S pa o B P = 3 ovoness| &\ X1 Q| 82| X R F| R
: - | - s & 3 £ e
| = - Suijooy - [}
) | ] | _ = o ooy z-suoneis| 0| 8| QR 0|08 0|2~
) m .
c 1 ! - : . £
=] o= Suide) T-guoneis| QI ¥ 9T
S ! . | ) 1 = Tsuoneis| B % (2| 32| X & S KB«
£ ! _ ’ _ 5 :
£ ) _ | o Buipieog uol [>]
1 e 0| olw
& “ | . | w v.uaw3243mmmmmmm4
@
WI ! - I 1 e @ uone|n ~
= | . ! vO.. neinsul euoners| 519 N Q1[92 212 9 9IR|~
1 " A
— © 1 / ! " o e
—_ © 172} leoupapg z-zuoness| QI FIQIQIRIRIR 9
2 _ — = o -l g i
o
c ! [ ” g
) u-ysnoy T-zuoness| QIR R IRINIY =
w | ’ | - _ - m 2222211»10Hr_mm2
ﬂ “ 1 = I n«.lv Suiq ]
. 1) TUONEX ©oinimini~N 1S4
5 i ) ! i - m S| QSRR S S Y3 T|5|~
o I o 1 o
_ o
jooy douonels| Y1 R¥ QI I Q
m | ) “ ) i @ o 20 .:mllzzzﬂmBMBmz
© | - i
3 | i o~ «nIU. s004 gouoneis| INIRIQIR IS SIS m
! ) | ) | 2 B R R I I IR I ]
| - <
1 ! -
lem youoneys| K181 Q1XQ
ML -1 | | | | | | L nes| 9| 2/Q(%| QYT 2|23~
i} [k o s - = )
— e o — b= o o 0 il e O Qlo 2l
] I E —_— eav| 21218218/ 8/8/8l2 502
E - - g . R|B|5|3 % 888883
Lo i) ;|2
© = FREEEBEEEEEHE
=] 2121321312121 232 3 32sl8
cl BTGl T <| S
= w_:vo_zooooooooodtb
HHEHHEHBEHBEHEE

155



Table 17 presents the calculation parameters of the simulation model. A number
of scenarios offered by the simulation model are presented in Table 18. Based on
a selected Takt time, which varies between 6 and 11 hours, the number of fixed
labor personnel and multi-skill labors change. The results provide various options
from which to select according to company strategies. For example, in scenario 1
with 6-hour Takt time, 71 labor personnel are required in total, including 67
stationary labor personnel and 4 multi-skill labor personnel, whereas in scenario 6
with 11-hour Takt time, 37 labor personnel are required in total, all of which are
stationary. Although the total number of labor personnel required in scenario 6 is
half of that required in scenario 1, due to the long Takt time the production rate is
21 modules per month, whereas the production rate in scenario 1 is 40 modules
per month. A moderate scenario (scenario 3) is presented in which the total
number of labor personnel is balanced with production rate. A decision on
resource allocation can therefore be made by the management team based on the

strategic vision of the company.

Table 17: Calculation parameters of the simulation model

Total fixed labor number Required average labor number for various modules

Required hours at all stations | Required hours which are not covered by fixed labor

Cross-training hour at station | Required hours which are covered by multi-skill workers

Uncovered hours Hours which are not covered by multi-skill workers

Uncovered hours divided / (Takt time * number of

Multi-skill labor number stations * number of modules on production line)
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Table 18: Scenario analysis for future-state production process
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3 8 50 60 75 15 2 52 30
4 9 45 58 66 8 1 46 27
5 10 40 54 67 13 1 41 24
6 11 37 54 59 5 0 37 21

4.6. PHASE V - DEVELOPING POST-SIMULATION VISUALIZATION

MODEL

In this phase, a post-simulation visualization model of the evaluated production
scenarios is developed which facilitates production flow analysis and decision
making for the management team. This model visualizes the results of the
simulation model and provides the opportunity to compare near-optimum
production scenarios, not only through charts and statistical data, but also by
means of visualizing the ideal process prior to actual implementation of the

proposed changes.
4.6.1.3D Animation and Process Evaluation

The proposed method integrates 3D visualization of a process with the statistical
results of the simulation. The generated post-simulation visualization (PSV)
model visualizes the simulation of the production process in detail, presenting
process information such as modules’ fabrication schedule (both individually and
in total) throughout the production line for evaluation purposes, whereas the
proposed technique has the capacity to be linked to all statistical production
information. For this purpose, a general visual representation of the production

process is developed in Autodesk 3D Studio Max (3ds Max), showing certain
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activities at all stations in the production line. After evaluating and comparing
simulation results between various production scenarios, a scenario with a near
optimum result is selected to be visualized. The processing times of all the
stations are imported from the simulation model output and linked to the 3D

animation semi-automatically.

The visualization of the model also provides opportunity for further analysis, such
as the following tasks: (1) overhead crane examination as presented in Figure
72(a) for proper lifting at wall station to find optimum distance between framing
table and cubing station, and at roof station to find lifting points for roof and
ceiling; (2) 5S implementation as presented in Figure 72(b) to develop proper
layout and space in order to achieve the 5S goals; (3) review of ergonomic and
safety issues arising throughout the process, as presented in Figure 72(c), and
proposing of a solution; ergonomics and safety issues are out of the scope of this
thesis, so the results are not discussed; (4) visualization of any required changes
prior to implementation, as illustrated in Figure 72(d); this task includes both
presenting the module features, specifications, and appearance to customers, and
also presenting the proposed factory layout configuration to the management
team, such as the improved layout for the warehouse area; and (5) evaluation of
truck capacity considering module size in order to ensure proper transportation of
modules, and selection of suitable trucks based on module width and weight, as
displayed in Figure 72(e).

(a) Examination of overhead crane for proper lifting
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(d) Module and factory presentation
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(e) Truck capacity analysis to load-out modules

Figure 72: Further analysis by means of PSV model
4.6.2.Dynamic Visualization of the Simulation Results

A complex module production process which includes various constraints such as
time, predecessor activity networks, space, continuous flow, labor assignments,
and product variation, requires a flexible evaluation model to deal with changes in
process and present the future-state in a simple way. For this purpose, another
approach is pursued to create a more dynamic visualized model of the simulation
results in Autodesk Navisworks Manage. The 3D model of the factory is
developed in Revit as presented in Figure 73, and then, along with the 3D models
of modules generated in the design phase, is imported into Navisworks. Required
information pertaining to modules currently in the production line and coming
modules, including the processing times at all the stations, resource allocation
plan, and work sequence, are imported from the simulation output for different
scenarios. In order to analyze different plant layout configuration scenarios with
automatic clash detection, more information is added to the model, including

overhead crane capacity, factory space limitations, and labor safe work area.

In this model, a minute-by-minute schedule of the production process is generated
and various layout configurations are analyzed for optimum scenarios. The
developed PSV model capitalizes both on the advantages of the simulation as well
as on the simplicity of the visualized minute-by-minute schedule. Figure 74 shows

a snapshot from the model’s output for the case study that presents the process for
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scenario 3 with 8-hour Takt time. The model reveals a number of clashes due to
space limitation for module transportation. In order to reach the production
capacity, the number of produced modules is not changed, but the layout of the
workstation arrangement changes until no clash is detected. Furthermore, an
investigation is carried out considering various production process scenarios in
order to compare the resource allocation plans and identify the best potential
scenario for the given number of labor personnel at each station. The result of
comparing the initial simulation model before generating PSV and the final
version after running PSV indicates significant improvements in the production

schedule and resource allocation.
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Figure 74: PSV model of scenario 3 with 8-hour Takt time
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5. CONCLUSION AND RECOMMENDATIONS

5.1. SUMMARY AND CONCLUDING REMARKS

Uncontrolled conditions and work site limitations have negative effects on cost,
schedule, and project quality. Modular construction manufacturing (MCM) offers
a solution to these challenges through a more efficient and cost-effective
engineering method that can deliver market requirements for increased
construction speed, improved quality, rapid return on investment, and
environmental sustainability. Increased interest in the utilization of a
manufacturing approach to building construction necessitates special methods of
design and manufacturing to improve production efficiency. MCM provides
opportunities to apply Lean for production efficiency in the plant, including
eliminating waste and supporting the delivery of products in a shorter time and at
a lower cost. Lean has been widely used in manufacturing and has been adapted to
the construction industry as a new production philosophy; however, Lean
principles vary between manufacturing and construction since these two industries

differ in nature.

MCM has characteristics of both manufacturing and construction yet is distinct
from both and should be seen in a class of its own. The unique characteristics of
MCM demand improved Lean principles which can adequately fulfill the
production efficiency demands of modular construction. Although the basis in
Lean is applicable to any industry, the technical elements of existing Lean
strategies are not sufficient to achieve the Lean goals of MCM, necessitating a
new framework in order to better reap the potential benefits of modular building.
In this research, first Lean production and Lean construction principles have been
thoroughly studied and, based on the MCM industry characteristics, Lean-Mod
strategies have been proposed accordingly to satisfy production efficiency
requirements. The adopted Lean-Mod strategies involve production leveling by
creating continuous flow between production workstations; creating one-piece

flow which considers product variation based on customers’ demands; and
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developing a scheduling technique by which to balance work flow with labor
requirements, process mapping to control resource allocation plan in production
flow, material ordering staging and material handling systems to support
continuous flow, and a quality management system by which to deliver quality at

first attempt and eliminate rework throughout the production line.

To apply these strategies throughout a factory production process, an enhanced
integrated approach of BIM, Lean, and simulation has been proposed. In this
technique, several procedures have been implemented in order to achieve the
research objective to improve the production efficiency of the MCM industry. The
main methodology comprises five major phases. In Phase I, a BIM model of the
case study as a modular building has been developed and dimensional properties
of building components have been extracted in order to quantify resource
requirements based on modules’ dimensional properties. In Phase 11, a time study
has been performed on the fabrication of a number of residential modules in order
to determine the production time and resource requirements at each station in a
manner which considers product variation. The data from this time study has been
analyzed to estimate probabilistic duration, productivity rate, and actual man-hour
requirements for each activity. In Phase Ill, the production process has been
analyzed and, based on existing Lean strategies and proposed Lean-Mod
strategies, a number of recommendations for production process efficiency have
been proposed. In Phase 1V, a simulation model of proposed production flow has
been developed which depicts the production line layout, schedule, and resource
requirements. The inputs for this model consist of information extracted from the
BIM model, resource requirement quantification, and proposed improvements.
The simulation model delivers results for different production scenarios and
provides opportunity to evaluate the proposed future-state in order to optimize the
production process. In Phase V, a post-simulation visualization (PSV) model of
evaluated production scenarios has been developed which facilitates production
flow analysis and decision making. As a result, the resource requirements to
complete various modules can be determined, along with potential scenarios for

work flow balancing.
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5.2. RESEARCH LIMITATIONS

This research involves a number of limitations, as outlined below:

1.

In order to develop a set of quantification rules by which to measure
required man-hours, a comprehensive data history is needed in order to
formulate accurate rules. However, the processing time to fabricate a
module is lengthy, thereby limiting the opportunity to collect data for an
extensive number of modules. This problem can be solved by creating a
work measuring system at each station by which workers record their
performance. This system would gather sufficient data based upon which
the rules would continuously improve in accordance with long-term

collected historical data.

Some of the proposed recommendations (such as moving work upstream)
warrant further investigation in terms of requirements for increased
technical capacity, skills, and equipment as defined by the strategic plan of
the company. Therefore, although the application of these
recommendations has been evaluated in this research, further validation is

left for future research in this area.

The purpose of developing a PSV model in this research is to facilitate the
decision making process for the management team. Therefore the model
has been evaluated through feedback received during the research. The
proposed model facilitates scenario evaluation through a different
approach from existing methods and techniques, such that the model has
been continuously changing based on the management team’s evaluation
of constraints, and the final result of the PSV model is not included in the

dissertation since this aspect of the research is still in progress.
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5.3. RESEARCH CONTRIBUTIONS

The primary contribution of this research is the adaptation of current Lean

strategies to satisfy the production efficiency requirements of MCM, as well as

the integration of advanced methods and techniques in productivity efficiency,

including BIM, Lean, and simulation, into an enhanced tool for modular building.

The major expected contributions of this research include the following.

1.

Identifying current modular building practice challenges and verifying
required areas of improvement. This research presents a detailed picture of
the MCM process based on a review of the literature on modular building
and observation of the production processes in various modular factories.
A clear understanding of MCM characteristics and current modular
practice has revealed a need for improvement of the MCM production

process.

Developing Lean-Mod strategies. This research has discussed the notion
that the unique characteristics of MCM demand improved Lean principles
which can adequately fulfill the production efficiency demands of modular
construction. Lean production and Lean construction principles have been
studied extensively and, based on the unique characteristics of MCM,
Lean-Mod strategies to satisfy production efficiency requirements have
been proposed. The adopted Lean-Mod strategies involve production
leveling by creating continuous flow between production workstations;
creating one-piece flow reflective of the product variation caused by
different customers’ demands; and developing a scheduling technique to
balance work flow with labor requirements, process mapping to control
resource allocation in production flow, material ordering staging and
material handling systems to support continuous flow, and a quality
management system to deliver quality at first attempt and eliminate

rework throughout the production line.
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3. Developing sets of rules to quantify resource requirements through
production line assessment. In this research, the construction of a number
of sample modules has been monitored through a time study in order to
record the duration and resource requirements for each activity completed
in every station. The duration and production rate have been calculated for
different tasks, and proper distributions and trends have been generated for
each activity accordingly. The data analysis has been used to formulate a
set of general rules by which to quantify probabilistic duration,
productivity rate, and actual man-hour requirements based on module
specifications at each station. Module specifications have been extracted
from the BIM model into spreadsheets where a user-friendly interface has
been developed in order to automate estimation of activity durations.

4. Applying a set of recommendations for production efficiency
improvements. In this research a detailed analysis of the production
process of the case study has been conducted and the current-state value
stream map of the factory has been developed in order to determine
problem areas and opportunities for improvement. A future-state map has
been compiled for the proposed recommendations to improve production
efficiency. The general recommendations based on existing Lean
strategies and proposed Lean-Mod strategies, it should be noted, are
applicable in any MCM company. Additional recommendations have been
proposed particularly to address and reduce existing defects and

deficiencies in the production practice of the case study company.

5. Automating the integration process of BIM/Lean/Simulation techniques:
The proposed Lean-Mod strategies are supported by an integrated tool to
apply proposed changes on a factory production process. In this technique,
several procedures have been implemented in order to achieve the research
objective to improve the production efficiency of the MCM industry. This
approach has leveraged the advantages of using BIM in the manufacturing

phase. Following development of the BIM model, based on extracted
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dimensional properties of each module, the resource requirements at each
workstation have been calculated using the proposed quantification rules
to be used as an input for the simulation model. A simulation model of the
proposed improvements based on Lean strategies has been developed to
evaluate potential scenarios and find the near-optimum results for work
flow balancing. The near-optimum scenarios have then been visualized to

facilitate the evaluation process.

5.4. RECOMMENDATIONS FOR FUTURE RESEARCH

The research presented in this thesis has demonstrated the concept and associated
tools to improve production efficiency of the MCM industry. The modular
industry has the potential to leverage a more efficient engineering method, and
this industry is undergoing significant growth due to its cost effectiveness, quick
delivery time, and society’s increasing interest in environmental sustainability.
Still, there is room to improve the process and increase efficiency in order for
MCM companies to remain competitive in the market. On the other hand, Lean is
a continuous journey in which fundamental strategies and tools are adopted and
modified in order to achieve further improvements. Several areas for future
research have been identified in the process of conducting this research for further
production efficiency improvement in the MCM industry as outlined below.

1. Material usage optimization: Manufacturing provides the opportunity to
reduce waste of construction material through the application of Lean.
Several studies have been conducted on optimizing material usage to
reduce material waste. However, the integration of BIM outputs for
material requirements with an optimization algorithm of cutting pattern
and material arrangement together with the minimization of waste

supports improved efficiency of the production process itself.

2. Lean simulation template in Simphony: Developing a simulation model

within a Simphony general template requires special skill and knowledge.
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The use of a special-purpose template for Lean implementation combined
with specifically mapping the value stream of the production process
facilitates decision making by Lean experts. In the Lean template, icons
are matched with traditional VSM icons with similar functionality in order
to help users that are familiar with VSM to develop a simulation model in
the Simphony Lean template. The potential specific outputs of the Lean
simulation template include lead time, Takt time, labor requirements,
value-added time, yield throughput percentage, work-in-progress

inventory, productivity rate, and other efficiency criteria measurements.

Cost estimation and target costing: This research has developed the basis
by which to estimate man-hour requirements for the production phase,
which can be used to estimate labor cost. BIM also provides the
opportunity to generate take-off material lists and component schedules in
order to estimate material cost. The aim is to evaluate total cost while
balancing the target cost in the early stages of a project. Target costing is a
cost management technique that evaluates and reduces the life-cycle cost
of a project. The challenge of this task is to create benchmarks which
evaluate the effects of cost elements on a project and on the entire

production process.
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APPENDIX A: GLOSSARY

5S: Technique which results in a well-organized workplace through: (1) Sort: Sort
everything in the workplace into two groups: used (needed) and not used (not
needed), and eliminate all items not being used for current production; (2) Set in
Order: Arrange the workplace and its items so the process can flow easily in the
station with no waste; (3) Shine: To make sure the workstation is ready for the
next use, keep it and its belongings clean and organized; (4) Standardized: Ensure
established procedures, rules, and standards to be followed are accessible and
visible in the work station; (5) Sustain: Make sure the standards are maintained
and periodically reviewed to ensure the workplace does not revert back to the old

status.

Just-in-Time (JIT): Delivering only the needed amount of products and services,

whenever they are needed, and in acceptable quality.

Kaizen: Practices which focus on continuous improvement of the manufacturing
process. There are two levels of kaizen: (1) flow kaizen, which is value stream
improvement, with a focus on material and information flow; and (2) process
kaizen, which is waste elimination at the station level, with a focus on people and

process flow.

Heijunka: A technique of achieving even and smooth flow of production by
manufacturing the volume needed at the time it is needed at each station. To
achieve the aim of Heijunka, a specific visual scheduling tool is developed which

is Heijunka Box in order to eliminate over production or under production.

Kanban: A signaling system used in Lean and JIT production which utilizes a
signaling device, a card that signals the need for supplies or products in a pull

system.

Lead Time (also known as “Throughput Time” and “Total Product Cycle Time”):
The duration between when the product realization process is initiated and when

the finished good is produced. At the plant level this is often termed door-to-door
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time, the time required for a design to proceed from raw materials all the way to

the customer.

Poka Yoke: Japanese term for mistake-proofing. Poka Yoke devices are designed
to prevent any incorrect operation by the user. In Lean, Poka Yoke is a method
that shapes a (production) process in such a way that it becomes almost
impossible to make any mistakes, since errors cannot occur as a result of human

failure or process interference.

Takt Time: Essentially, this is the rate of production of the organization, resulting
from the available working time for production divided by customer demand. The
purpose of Takt time is to precisely match production with demand.

Value Stream Mapping (VSM): VSM is a tool in Lean which is a diagram of the
production flow from the raw material supplier to the end user, defining the stages
and steps in order to maintain the pull production concept and eliminate waste.
VSM consists of a current-state that follows a product from order to delivery to
determine the current conditions, and a future-state that proposes opportunities for

improvement.

Muda (Waste): Muda is a Japanese term for waste which in this context refers to
any activity in the production plant which does not add value to the product from
the customer point of view. There are seven types of Waste: (1) Transportation:
activities involved with moving a product, which add no value to it, consume
resources, and also may cause damages; (2) Over-production: producing in
advance or more than what is needed by the customer; (3) Over-processing:
performing more work than necessary on an item, or using more precise or
expensive tools on the product than needed; (4) Excessive inventory: Any kind of
inventory (raw material, WIP, or finished goods), not being actively processed to
add value is waste; (5) Waiting: Whenever any product is not being processed and
is idle, hence waste; (6) Unnecessary motion: workers’ activities which do not add

any value to the product such as bending, moving, reaching; (7) Defects

181



(corrections): inspecting the products and any rework done to the product to

address a defect.
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APPENDIX B: VALUE STREAM MAP SYMBOLS AND DEFINITION

Symbol

Definition

ddd

Customer/Supplier

This icon represents the supplier when in the upper left, the
usual starting point for material flow. The customer is
represented when placed in the upper right, the usual end
point for material flow.

Electronic Info

. Process The dedicated process icon is a process, operation, machine
g or department through which material flows. It represents
(% Dedicated Process | One department with a continuous, internal fixed flow path.
P T The data box goes under other icons that have significant
g T . i : . . :
3 Bafch information required for analyzing the system, including the
2 Avarls frequency of shipping during any shift, material handling
Data Box information, transfer batch size, demand quantity per period.
The work-cell symbol indicates that multiple processes are
ﬁ integrated in a manufacturing work-cell usually processing a
limited family of similar products. Product moves from
Work-cell process step to process step in small batches.
These icons show inventory between two processes. While
or Q mapping the current-state, the amount of inventory is noted
] beneath the triangle. This icon also represents storage for
Inventory raw materials and finished goods.
This icon represents either the movement of raw materials
X / from suppliers to the receiving dock/s of the factory, or the
o movement of finished goods from the shipping dock/s of the
3 Shipments factory to the customers.
g This icon represents the "pushing™ of material from one
2 I:I:I:. process to the next process. Push means that a process
8 produces something regardless of the immediate needs of the
= Push Arrow downstream process.
= This is a Kanban stock point. Downstream customers pick
out what they need and the upstream work center replenishes
] stocks as required. When continuous flow is impractical, a
— supermarket reduces over-production and limits total
Supermarket inventory.
:[_.“I This icon represents shipments from suppliers or to
External Shipment | customers using external transport.
" raductian This box represents a central production scheduling or
'é Production Control | control department, person, or operation.
& t%\& A straight, thin arrow shows general flow of information
= Manual from memos, reports, or conversation. Frequency and other
= Information notes may be relevant.
1S
S This wiggle arrow represents electronic flow. The frequency
E M

of information/data interchange, the type of media used and
the type of data exchanged may be indicated.
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Symbol

Definition

-

Production Kanban

This icon triggers production of a pre-defined number of
parts. It signals a supplying process to provide parts to a
downstream process.

ki

Withdrawal
Kanban

This icon represents a card or device that instructs a material
handler to transfer parts from a supermarket to the receiving
process. The material handler goes to the supermarket and
withdraws the necessary items.

Signal Kanban

This icon is used whenever the on-hand inventory levels in
the supermarket between two processes drops to a minimum
point. It signals a changeover and production of a
predetermined batch size of the part noted on the Kanban.

This icon represents an operator. It shows the number of

General
Symbols

\C_)/ operators required to process the VSM family at a particular
Operator workstation.
v The timeline shows value-added times (cycle times) and
s | et non-value-added times (wait times). This is used to calculate
Timeline lead time and total cycle time.
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APPENDIX C: SIMPHONY SIMULATION ELEMENTS AND DEFINITIONS

Element | Symbol Description
The Create element spawns entities and passes them along the
Create Q > system. It includes total number of modules, order, and time
Create intervals between modules entering the production line.
Set The Set Attribute element specifies attributes to be assigned to
e
) > =" |a particular entity. It includes components’ properties, such as
Attribute _ ) ) o
SetAttribute | converted length, width, and material specifications.
The Task element represents an activity, such as framing,
Task > » cubing, painting, or flooring. It holds entity for the assigned
Task duration.
The Counter element shows the final count and the total time
Count > g » | when the last entity flowed through it. This element counts the
ounter
number of modules which have left the factory and the total
Counter
duration.
The Execute element evaluates a value or formula entered in its
Execute | > expression. It is used to modify attributes of the entity passes
Execute  Ithrough it.
The Composite element groups elements of one working
] station with various activities. For example, the wall framing
Composite o o ] ] ]
: station is the combination of cutting plates and framing exterior
Composite
and interior walls with different time requirements.
The Trace element tracks the events within the model during
Trace > VYT _ _ _
= execution. It tracks total duration and man-hour requirements.
race
The Destroy element deletes entities of modules that are
> completed and loaded-out from the plant to optimize the
Destroy o ) )
Destroy utilization of resources by freeing the memory occupied by

those entities.
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X

The Resource element represents real-world resources such as
labor or material which can simulate resource constraints

within the system. The Resource element must be declared

Resource Resg“rce within a file that contains a queue that holds entities waiting for
and + the resource. Capture and release elements are used to call for
File Q the Resource element’s resources. The File element defines the
= waiting file queue for the resource element. The File can
position the entities in the queue based on the priority
associated with each of them.
When an entity passes through the Capture element, the entity
attempts to access the associated resource. If there is enough of
Cant > /% > |the resource based on the entity’s demand, it will capture the
apture o ]
d Capture resource. If the demand of the entity is higher than the quantity
an
of the resource, the entity is transferred into the file queue until
Release | » % >
the resource has been released.
Release  |When the entity passes through the Release element, the entity
will release the quantity of the associated resource.
» —
Byiaie
Consolidate | ™ The Consolidate element combines a given number of entities
Consolidate ) ) . . .
And and will release a single entity with one from the first and one
Generate | | | /~" | > | from the last entity, attributes intact.
Q. >
Generate
The Statistic element computes statistics on parameters of
interest. A statistic can be declared as intrinsic (time-
Statistic E dependent) or non-intrinsic (time-independent). The statistics
and Statistic  |can be displayed as histograms, cumulative distribution
Statistic > @ > functions, or as time charts.
Collect The Collect element adds observations to the Statistic element

StatisticCollect

as entities pass through. There can be several Collect elements

per Statistic element.
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Chart
And
Chart
Collect

Iy

Chart

+
> [

ChartCollect

The Chart element displays the data collected by the
ChartCollect element. The Chart axis can be defined in any
formula from the entities.

The ChartCollect element computes a data point from each
entity that is received and adds it to its associated chart

element.
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