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Abstract

Process-Based Cost Modeling to Support Target VValue Design
by
Hung Viet Nguyen
Doctor of Philosophy in Engineering

University of California, Berkeley

Professor Iris D. Tommelein (CEE), Chair

In the current practice of collecting construction cost data, the cost of an installed component is
compiled by adding up the cost of materials plus the cost of all resources used to install that
component. This total includes inefficiencies and wastes which are inherent in construction
processes, especially in projects that do not rigorously use methods to eliminate process waste or
that do not use continuous improvement. Traditional cost models such as Parametric, Assembly
and System, and Unit Price and Schedule models rely on historical data to model the cost of new
designs. These cost estimates are inflated by the wastes embedded in the historical databases, and
result in increased estimated task durations and excessive estimated resource needs.

In Target Value Design (TVD), product- and process design are integrated and the design
team needs rapid cost feedback to trade off design alternatives. However, traditional cost models
do not reflect cost changes due to changes in process design. Therefore, a cost model that takes
into account the cost implications of logistics and construction processes can better support TVD
in integrating product- and process design. This raises a need for an alternative cost modeling
method, which must be able to specify: (1) cost changes due to changes in product design (i.e.,
changes in materials, shapes, or dimensions), and (2) cost changes due to changes in process
design (i.e., changes in sequencing, logistics plans, or construction processes). This dissertation
provides a framework for a Process-Based Cost Modeling (PBCM) method including three
phases: (1) collecting process- and cost data, (2) mapping process- and cost data to objects of a
Building Information Model (BIM), and (3) providing cost feedback to inform TVD.

This dissertation develops a theoretical understanding of cost modeling in TVD and argues
for the use of a PBCM to support TVD during the Design Development phase. It presents
processes and tools that could aid in its implementation. It also examines the role of BIM in
implementing the PBCM framework and explains the role of process modeling in a virtual
construction environment in supporting PBCM.

This dissertation delivers a proof of concept of a PBCM framework and validates it through
case studies and professionals’ evaluations. The first case study analyzes conventional practices
of designing, procuring, estimating, and installing a window system in a residential project in



San Francisco, CA. The second case study investigates the application of the model-based
process simulation, the PBCM, and the Choosing By Advantages (CBA) Decisionmaking
System to evaluate alternatives of Viscous Damping Wall (VDW) installation in the Cathedral
Hill Hospital (CHH) project in San Francisco, CA. The third case study examines the application
of a software tool to integrate product- and process cost of the VDW system with a BIM model.

Research findings illustrate the effectiveness of PBCM in providing rapid cost feedback to
designers that facilitates the process of design to targets. In addition, PBCM helps to make both
process-related cost and product cost explicit to designers when they are analyzing design
alternatives. Further research can refine steps of PBCM applied in Design Development and
explore the application of PBCM in design phases other than Design Development such as
Conceptual Design or Construction Document phases. Further research is also needed to advance
tools to facilitate the implementation of PBCM in the Lean Project Delivery System™,
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CHAPTER 1. INTRODUCTION

This chapter introduces the background of this research, defines key terminology and concepts
related to this study, and presents the need for research. The chapter states research objectives,
and then presents research questions. This chapter closes with a summary description of the
dissertation structure.

1.1 INTRODUCTION

This dissertation reviews limitations of traditional cost modeling methods and explores how a
process-based cost modeling method may be established and applied to facilitate Target Value
Design (TVD) (explained in section 3.2.2) in a Lean Project Delivery System™ (LPDS™)
(explained in section 1.2).

Researchers have been criticizing traditional cost models for their focus on resources rather
than on processes. In traditional cost estimating practices, resources are allocated to cost centers
(i.e., items in a Work Breakdown Structure (WBS) based on historical cost data. Wilson (1982)
criticized the reliance of these models on the use of historical data to produce estimates of
building or component cost without explicit qualification of their inherent variability in product
design and installation processes. Bowen et al. (1987) argued that traditional cost models such as
regression models, bills of quantities, and elemental estimating methods do not explain the
systems they represent. Such cost models are usually structured to represent building
components or a finished building and are thus concerned more with ends than with means.

In TVD, product design goes along with process design and rapid cost feedback is required to
facilitate trade off analysis between multiple design alternatives. Traditional cost models are
inadequate in reflecting cost changes due to process changes (explained in section 1.3.1).
Therefore, this research will examine if a cost model that takes into account the cost implications
of logistics and construction processes can better support TVD in integrating product- and
process design than traditional cost models do.

In the construction industry, process-based cost estimating has been mostly practiced by
contractors to generate unit costs of significant activities (e.g., activities that consume large
amounts of resources) for bidding and construction planning purposes (Ferry et al. 1999). The
methods of calculating process-based costs vary. Data are mainly collected for a contractor’s
internal usage. In a TVD setting, early involvement of contractors, specialty contractors, and
suppliers in design makes process information such as fabrication, standardization,
transportation, inventory, and site logistics available to architects and engineers. With their
experience of various work methods and up-to-date process cost data, a TVD team could
estimate costs for different product- and process design alternatives. Therefore, there is a
research opportunity to investigate how process-based cost modeling methods may be
established and applied in the design phase of a project.



1.2 CONCEPTS AND TERMINOLOGY

This section defines key concepts and terminology related to this study, and presents them in
alphabetical order.

Cost Model: a set of mathematical relationships to formulate a cost calculation in which outputs,
namely cost estimates, are derived from inputs, such as quantities of resources and price. Cost
models are used to calculate the cost effect of a design change or to estimate the cost of an
element of design or the whole design. Thus all estimating methods can be described as cost
models (Beeston 1987).

Cost Modeling: the process of formulating a cost model to estimate cost at some level of
abstraction of a component or a system under design.

Discrete Event Simulation (DES): a computational technique for modeling, simulating, and
analyzing systems and processes. Law and Kelton (2000) describe a discrete system as “one for
which the state variables change instantaneously at separated points in time.” In DES, the
operation of a system is represented as a chronological sequence of events. Each event occurs at
an instant in time and marks a change of state in the system (Robinson 2004). DES is well-suited
to model construction processes (Odeh et al. 1992; Tommelein et al. 1994).

Just-in-Time: a “system for producing and delivering the right items at the right time in the right
amounts” (Womack and Jones 2003).

Lean Project Delivery System™ (Figure 1.1): a “production management-based approach to
designing and building capital facilities in which the project is structured and managed as a value
generating process” (Ballard 2000).

Lean Design: In the Lean Design phase, the Concept Design from Project Definition will be
developed into a product design and a process design. To integrate the product- and process
designs, specialty contractors will be involved in the design process, assisting with selection of
equipment and components and with process design (Ballard 2000).

Model: “a representation of a real-world situation and usually provides a framework with which
a given situation can be investigated and analyzed” (Halpin and Riggs 1992).

Process Mapping: a management tool for understanding how value is delivered,; it captures
knowledge about processes and then represents that knowledge using generally accepted signs
such as boxes and arrows (Adams 2000). Process mapping helps visualize the flow of material
and information as well as the links between and beyond the single process level (Rother and
Shook 2003).

Process: a collection of activities connected by a flow of material and information that
transforms various inputs into more valuable outputs (Gray and Leonard 1995).

Product: a physical component, assembly, or system of a construction facility.



Set-Based Design (SBD): a design methodology whereby “designers explicitly communicate and
think about sets of design alternatives at both conceptual and parametric levels. They gradually
narrow these sets by eliminating inferior alternatives until they come to a final solution” (Ward
et al. 1995).
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Figure 1.1 Lean Project Delivery System™ (Ballard 2006a)

Target Costing: a management practice that seeks to make cost a driver of design, thereby
reducing waste and increasing value (Ballard 2006a). The process of designing to Target Cost
requires the concurrency of Design Development and cost estimating (Ballard 2006c).

Target Value Design (TVD): broadens the concept of Target Costing, with the focus on “value.”
TVD covers additional design criteria beyond cost, including constructability, time, process
design, design collaboration, etc. (Lichtig 2005). TVD spans from the Project Definition phase
to the Lean Design phase and its principles help steer a design team to meet established design
criteria. TVD encompasses five key principles: (1) Target Costing, (2) Work Structuring, (3) Set-
Based Design, (4) Collaboration, and (5) Collocation (Macomber et al. 2007).

Traditional Cost Models: In this study, cost models using regression techniques, bills of
quantities, or elemental analysis (cost-per-square-foot) are referred to as traditional cost models
(refer to section 3.3).

Work Structuring: “the development of operation and process design in alignment with product
design, the structure of supply chains, the allocation of resources, and design-for-assembly
efforts with the goal of making work-flow more reliable and quick while delivering value to the



customer” (Ballard 2000). Ballard et al. (2001) broadened the scope of work structuring by
equating it with Production System Design (Explained in section 3.2.4).

1.3 NEED FOR RESEARCH

This section is intended to answer the question “Why is this research worth pursuing?” by
identifying the problems of current practices in cost modeling and the needs for researching an
alternative method of cost modeling.

1.3.1 LIMITATIONS OF TRADITIONAL COST MODELS

Figure 1.2 summarizes traditional cost models, their related estimating methods, their
applications in different states of design, and the types of cost data they are associated with.

Design State Type of Estimates Methods Cost model types Data
A . A A Ca\ Cost per bed/seat/pupil/space based on
Conceptual Pfegf:)l_f:fty or \?;?uami bacity\ historical total costs from past projects
Design c JeC Estimati Cost/m? of gross floor area
omparison SUMaling - parametric Cost Cost/m? of functional space
y Estimating Area&Volume \ Cost/m® of building volume
Schematic
Design Cost of functional systems expressed/m?
Intermediate Assembly & Systems of gross floor area. CSI Uniformat I1.
) Estimate System Estimating
Design Cost of grouped MasterFormat items
Development i it pri
P! Assemblies Composite unit price
A
| Unit price of MasterFormat items
! v MasterFormat items
Construction Final Unit Price & Schedule )
Document Estimate Estimating Cost per network operation
‘ Operations
! Cost of labor, plant, material, OH
\ Resources

Figure 1.2 Types of cost models (adopted from Ferry 1999, Bledsoe 1992)

Beeston (1973) pointed out that, in analyzing design alternatives, a change that has little
effect on product quantity could cause a significant change in a contractor’s operation. “A
change in product design affects the choice of plant, assignment of workers, durations of tasks
and consequently affect bidding price. In contrast, some changes in product design to reduce the
measured work content that are considered more economical by designers may not be fully
achieved in the construction phase since the contractor may not be able to allocate fewer
resources to a design change as anticipated by designers for reasons of plant capacity or
continuity of operation” (Beeston 1973). He also criticized cost models using bills of quantities
and historical cost data for the reason that cost items fail to represent the true work contents of
the item as the contractor diverts costs in various directions and in particular towards costs
related to mobilization. Therefore, these cost models are not capable of quantifying effects of
design changes.

Wilson (1982) also criticized the reliance of these models on the use of historical data to
produce deterministic estimates of building or components cost without explicit qualification of



their inherent variability and uncertainty. Tommelein (2003) augmented this notion by
mentioning *“a world in which no variation or uncertainty is recognized gets modeled
deterministically thus are too optimistic.” Bertelsen (2003) proposed that construction must be
perceived as a complex system, operating on the edge of chaos. According to Williams (1999),
this complexity comes from the structural complexity, which is related to the number of
interdependences between elements, and from uncertainty in both methods and goals. In the
views of uncertainty and structural complexity towards design and construction processes, the
use of deterministic historical cost databases to estimate cost of construction is not justifiable.
For that reason, special cost models have been developed to deal with variability and uncertainty
such as fuzzy models, probabilistic models, and risk models. However, recent research by
Fortune and Cox (2005) on cost modeling practices of over 300 organizations in the UK revealed
that these ‘new wave models’ were not in widespread use while the ‘traditional single point
deterministic types of models’ continued to be in overwhelming use.

Traditional cost models such as Parametric (refer to section 3.3.2.2), Assembly and System
(refer to section 3.3.2.4), and Unit Price and Schedule models (refer to section 3.3.2.5) adjust
historical cost data from similar works that are distributed to construction component to calculate
cost of design alternatives; these data contain very limited process information to support trade
off analysis in TVD. Bowen et al. (1987) suggested that models will be more realistic if they
simulate the construction process and take into account the cost implications of the way in which
buildings are physically constructed, on the grounds that different construction methods will
significantly affect cost.

Historical cost databases provide average productivity and average cost measured based on
completed projects. The problem is that those projects may or may not have used methods to
eliminate process waste or improve productivity. Consequently, because historical databases may
include waste, using these productivity- and cost data will tend to increase estimated durations,
drive up estimated resource needs and thus inflate estimated cost.

Using traditional cost models, with inputs from historical cost data and elemental quantities
from product design, it is possible to point out which design alternative appears to produce more
savings than the others. However, with the consideration of cost implications of process changes
in different design alternatives, these savings may be less than anticipated or even negative.
Following cost advice as output of traditional cost models, designers may decide to choose an
alternative that in effect is more costly to build. Therefore, traditional cost models are incapable
of supporting decision making on TVD process.

1.3.2 NEED FOR A COST MODEL THAT SUPPORTS TVD IN THE LPDS™

During early design phases such as Schematic Design or Design Development, design decisions
have the largest influence on the final construction cost (AlA 2007). Designers need comparative
cost advice from cost consultants on different design alternatives to understand cost
consequences of their design decisions. This early cost advice is to ensure that the estimated cost
of the future facility will be within an established budget while delivering target values.

According to Bargstadt and Blickling (2005), traditional cost models use deterministic time-
based effort for the related working process, i.e., hours/m®, taken as average values from



historical cost databases. This practice doesn’t make explicit the following aspects: (1) Logistics
processes such as packaging, transportation, or storage; (2) The level of coordination between
trades; and (3) Variations of construction/installation process implementation (Nguyen et al.
2008). To account for those factors, cost estimators need to imagine the process, make
assumptions, and use judgment to estimate durations and costs. However, the outcomes of their
imagined practices are not reliable since estimators may not have insight into every construction
processes. In addition, their imagined processes are not verifiable because those processes are
often not documented.

To align the physical design of a capital facility with the customer’s values, TVD uses
fundamental lean tools and principles such as SBD, PSD, Target Costing, IPD team
(collaboration), and collocation (Figure 1.3). Following an IPD approach allows early
participation of contractors and suppliers in the design phase. Collocation facilitates
communication and team decision making. SBD helps to generate multiple design alternatives.
PSD helps to integrate product- and process design. Target Costing helps to close or at least
diminish the expected-allowable cost gaps. The application of TVD often results in multiple
design alternatives with different product costs, process costs, as well as product features. As
pointed out in section 1.3.1, traditional cost modeling methods are insufficient to trade off
multiple alternatives of product- and process design in order to support TVD. This raised a need
to search for an alternative cost modeling method that is able to specify how process changes
affect overall cost and value.

Target
Costing

Set-Based
Design

Collaboration

~ Production
System Desig

Collocation

Target Value Design

Figure 1.3 Fundamental components of TVD

To support TVD, a cost model should be able to specify: (1) cost changes due to changes in
product design (i.e., changes in materials, shapes, or dimensions), and (2) cost changes due to
changes in process design (i.e., changes in sequencing, logistics plan, or construction processes).



1.4 RESEARCH OBJECTIVES

(1) The first objective of the proposed research is to develop and validate a cost modeling
method that supports TVD in LPDS™.

(2) The second objective of this research is to develop a method of collecting process- and cost
data for the proposed cost modeling method.

(3) The third objective of this research is to establish a framework to integrate process cost data
in BIM.,

1.5 RESEARCH QUESTIONS

Based on the above objectives | developed the following research questions:
(1) How could PBCM support TVD in LPDS™?

(2) What could a process-based cost modeling method look like?

e When should PBCM be used in the TVD process?
e Who should be involved in the PBCM?
e How does the IPD team make decisions when considering factors other than cost?

(3) How should process cost data be collected to support PBCM?
(4) How should PBCM integrate process cost data to BIM?
1.6 RESEARCH SCOPE

I establish the scope of this research within the LPDS™ while focusing on projects in the
building construction sector. This research focuses on developing a PBCM method to support the
cost evaluation of multiple product- and process design alternatives. The study focuses on the
application of the PBCM method in the Design Development phase (refer to Chapters 4 and 8 for
the rationale of the choice). This study does not to evaluate the applicability of the PBCM
method during the Conceptual Design phase or the Construction Document phase. The PBCM
will be validated through case studies as described in Chapter 3.

1.7 DISSERTATION STRUCTURE

Chapter 2 presents the research methodology used in this dissertation. In this chapter, | describe
the application of case-study research and action research to develop the PBCM framework.

Chapter 3 reviews the professional and research developments that have influenced this study
and is divided into five sections. Section 1 introduces LPDS™, section 2 presents the literature
on Target Costing and TVD as well as tools that support TVD, section 3 summarizes current
practices of cost modeling, section 4 introduces BIM and model-based estimating and process



simulation tools, and section 5 discusses related research. This chapter also highlights the need
for a new cost modeling method to better support TVD during the Design Development phase.

Chapter 4 presents the current state of cost modeling during the Design Development phase
in a TVD environment. This characterization of the current state is based on my direct
observation of over a time period of sixteen months, document analysis, and answers to semi-
structured interviews conducted with practitioners at CHH project in San Francisco. The findings
lead to my proposal of an alternative cost modeling method and help structure case studies for a
proof of concept. This chapter then illustrates the framework for PBCM that includes three
phases: collecting process- and cost data, mapping process- and cost data to BIM objects, and
providing cost feedback during design.

This research uses two case studies and a software application to examine how the proposed
PBCM framework works in the context of actual projects. The implementation of these case
studies gave me the opportunity to understand the challenges in the application of PBCM and to
adjust the framework during its implementation.

Chapter 5 presents a window case study in a residential development project. This chapter
describes the design, cost estimation, subcontractor selection, fabrication, transportation, material
handling, and site installation of the window system. Further, this chapter demonstrates a method
of collecting process data during the installation of the product. It also demonstrates the
application of process mapping and discrete event simulation to measure process waste. This
chapter highlights the use of ‘lean’ process data, which results from deducting waste from the
originally collected process data, to benchmark the process cost of a future project.

Chapter 6 presents the application of PBCM in the CHH project. This chapter demonstrates a
method of collecting process data for the Viscous Damping Wall (VDW) system, a product that
is new to the integrated project team and thus the team needs to examine alternatives for material
handling and installation processes. This chapter also documents the use of 4D simulations and
the Choosing By Advantages (CBA) decisionmaking system applied to evaluate installation
alternatives of a VDW system. This chapter highlights how CBA helps to make decisions
considering both cost and target value.

Chapter 7 presents a demonstration of an Add-In program module that | developed jointly
with Harmony® Soft Company (website: http://www.harmonysoft.com.vn/en/index.php) to use
with Autodesk Revit Architecture 2010 (Autodesk 2010b) to connect process- and cost data to
objects in a Building Information Model. It also demonstrates a method of providing rapid
product- and process cost feedback to designers during design. This example synthesizes the
learning from the literature review and the case studies and showcases the methodology for
PBCM.

In closing, Chapter 8 presents conclusions drawn from the case studies and the software
demonstration. This chapter discusses the contributions to knowledge and suggests possible
future research in the area of cost modeling.



CHAPTER 2. RESEARCH APPROACH
2.1 RESEARCH METHODOLOGY

Research methods have been classified in different ways, one general approach distinguishes
between (1) case studies, (2) experimentation, and (3) surveys. According to Eisenhardt (1989),
case-study research can be defined as “a research strategy which focuses on understanding the
dynamics present within single settings.” The case-study method is to develop detailed, intensive
knowledge about a single case or a number of related cases (Robson 2002). An experiment is to
manipulate one or more variables and measure its/their effects on other variables (Yin 2003). In a
survey, researchers use standardized forms to collect information from groups of people (Yin
2003).

One major distinction of research methods is between deductive reasoning and inductive
reasoning. According to Fowler (1904), deductive reasoning applies general principles to reach
specific conclusions, whereas inductive reasoning examines a number of particular cases to infer
a general principle. In this research, an inductive approach was chosen because | have a limited
number of case studies.

According to Yin (2003), a case-study strategy is preferred when “how” and “why” questions
are being posed, when the focus is on a contemporary phenomenon within some real-life context.
Due to the nature of this research; the form of the research questions (how and why), and
contemporary events, | select case studies as my research strategy. The case-study design is
described in section 2.1.3.

Action research occurs through case studies when new approaches or methodologies are
being developed. In action research, the researcher is directly involved in the research project as
a promoter of change (Susman and Evered 1978). In the context of this dissertation, the
researcher promotes the change from a conventional elemental cost modeling method to a PBCM
method. The researcher becomes part of the project team, works with team members to design
and execute a case study, collects data, and helps to make adjustments during case-study
implementation (P?SL 2010). Since action research seeks to find solutions that are “localized”
for specific situations, the results of action research are not necessarily generalizable for broad
application (Stringer 2007).

I use case-study research and action research to develop the PBCM framework. ‘Proof of
concept’ experimentation expands the theoretical understanding of the cost modeling and cost
estimating practices in the construction industry.

The research process can be best explained by identifying different research phases and the
research tasks associated with each phase. Figure 2.1 illustrates the overall research strategy of
this study.
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2.2 RESEARCH PROCESS
2.2.1 BACKGROUND AND ANALYSIS

To develop the knowledge background that supports the development of an alternative method
for cost modeling, I reviewed literature and interviewed professionals on cost modeling
practices. These two approaches helped identify the inefficiencies of current construction cost
models and the cause of those inefficiencies. They also created a comprehension of the
framework in which current practices of cost modeling are set. This understanding guided what,
how, and where changes should be introduced to alter the current practices of cost modeling. To
understand current practices of cost modeling and BIM in the construction industry, |
interviewed practitioners from Davis Langdon, Rudolph and Sletten, Herrero Contractors, Boldt,
DPR, Southland Industries, and Haahtela Group for cost modeling practices and BIM
applications in their organizations.

To develop my understanding of the TVD process, | used direct observations and document
analysis methods in addition to literature reviews and interviews. | observed weekly TVD
meetings at CHH project for twelve months. In addition, I collected and analyzed documents and
records including design drawings, Bill of Quantities (BOQ), cost estimates, BIM models, A3
reports, and process maps related to those TVD meetings.

2.2.2 DEVELOPMENT PHASE OF RESEARCH

The development phase involves two main tasks: (1) acquisition of knowledge, and (2) designing
of an alternative method for cost modeling.

To accomplish the first task, | conducted literature reviews of alternative methods for cost
modeling in both the construction and manufacturing industries. In addition, I interviewed
professionals to study novel approaches on cost modeling of pioneering consultants in
construction industry. I also acquired needed methodological tools, e.g., process mapping,
process simulation, CBA decision making system, and BIM applications. Specifically, | learned
how to use EZStrobe (Martinez 2001) and SIGMA (Schruben 1990; SIGMA 2009) simulation
tools; Autodesk Revit Architecture 2010 (Autodesk 2010b) for modeling, Navisworks 2009,
Navisworks 2010 (Autodesk 2010c) and Synchro Professional 2008 (Synchro 2008) for model-
based scheduling and animation, and Innovaya Visual Estimating 9.3 (Innovaya 2009) and
Timberline Estimating 9.4.0 (Timberline 2009) for model-based cost estimating.

To accomplish the second task, | synthesized the acquired knowledge to identify a method
for cost modeling that supports the TVD process. Then | applied the proposed method on case
studies to test its feasibility and to correct and improve it. Subsequently, I documented the
process and information flow of the proposed cost modeling method. In addition, | prepared
guidelines for the application of the proposed method before moving to the Application and
Validation phases.

11



2.2.3 APPLICATION AND VALIDATION PHASES OF RESEARCH

The application and validation phases provided opportunity for implementing the proposed cost
modeling method on real projects. | investigated multiple case studies to guarantee the
robustness of the study. Each case was selected for a specific purpose. Figure 2.2 and Figure 2.3
illustrate the proposed case-study design for this research.

In case-study research, Yin (2003) recommended the use of data from multiple sources to
guarantee the credibility of the research. In this study, the methods of collecting data included

interviews, direct observations, and analysis of documents and records.

Interviews: | chose semi-structured interviews, in which, | prepared a set of questions for

each interview but the use of these questions was flexible depending on interviewee’s responses.
For each case study, I interviewed architects, design engineers, cost estimators, cost consultants,

trade partners, and General Contractor (GC) representatives.

Observations: | made direct observations at TVD meetings, design coordination meetings,

and on construction sites in the role of *participant-as-observer’, where | was able to interact with

people and ask questions (Robson 2002).

Analysis of documents and records: Documents and records analyzed included design
drawings, BOQ, cost estimates, process maps, A3 reports, digital video files capturing

construction processes, and BIM models.

Feedback to revise case study design
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Figure 2.2 Case-study method (adopted from Yin 2003)

Acknowledging that “the selection of cases should be based on theoretical sampling, in
which cases that differ as widely as possible from each other are chosen to fill theoretical niches”

12



(Stuart et al. 2002), | selected three case studies with different objectives to answer different
research questions. Brief descriptions of the three case studies are as follows:

Case study 1. Window system

To verify the method for collecting process data, | selected the process of window installation at
a multi-unit residential project located in San Francisco. The objectives of this case study were to
(1) analyze conventional practices of designing, procurement, estimating, and installing a
window system, to identify process inefficiencies and wastes, and to discuss how they may affect
cost estimates of future projects; to (2) understand and quantify process waste; and (3) develop a
method of collecting process data that separates true cost and cost of waste by using process

mapping.

This project is a new construction of a 5 storey residential building using a Design-Build
(DB) project delivery approach. The purpose of this case study is to pinpoint deficiencies of
conventional cost estimating practices in literature and in practice, and to test the method of
collecting process data using a process mapping technique.

In this project, a window subcontractor was not identified until the Design Development
phase was completed. As a conventional practice, the designer of the window system relied on
historical cost data from completed projects and quotations provided by the window suppliers as
the major sources of cost feedback to evaluate design options. In the final design, the designer
specified over 300 variations of windows among the total of 468 windows used in this project.
The variations mostly were in sizes, styles, hardware, and operations. The large number of
variations created a challenge for the logistics, material handling, and site installation processes.
I used process mapping to collect process data and identify waste in the process, then I used
Discrete-Event Simulation (DES) to quantify process waste. From this case study, | proposed a
method of creating a baseline process by removing waste from the original process map. This
baseline process is to be used for future process cost benchmarking.

Case study 2. Viscous Damping Wall system at CHH project

To test the use of a new method for cost modeling, I selected the CHH project to conduct another
case study. This project implements an IPD approach and extensively applies lean principles and
BIM tools, thus offering an appropriate environment for performing experiments related to this
research. In addition, the collaborative working environment of this project facilitates data
collection and analysis for this research. This case study has two objectives. The first objective is
to demonstrate the application of PBCM method including the application of 4D simulation in
assisting cost estimating. The second objective is to demonstrate the application of CBA to make
decisions when considering both costs and non-cost factors.

This case study presents the application of PBCM to evaluate the installation alternative of a
VDW system in the IPD environment. With trade partners on board, the IPD team creates
process maps that cover design, fabrication, packaging, transportation, site handling, and
installation of important systems or components. With their field experience, trade partners
provide estimates of process data as well as perform cost estimate for their work scope. In this
case study, | also evaluate the application of 4D simulations in helping the IPD team focus
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discussion on constructability, logistics, make ready work, activity duration, crew composition,
and types of equipment. | interview representatives on the structural steel team and the VDW
trade partner to evaluate the effectiveness of the process-based cost modeling method in
evaluating design alternatives.

Capturing Process Cost Data

-

~

/ Attaching Data to Object Family \

/ Creating Cost Feedback to TVD \

Identify product
and process

Identify product
and process

v
Map process

Process
maps

Observe process
and/or interview
field personnel

i
i

Collect process
data from field

\

Process and cost
database

Assemble a cross-
functional team
m

Process
maps

Collect process
Inputs from cross-
functional team

Map data
to object library

Object family library

Select object
families to create a

Changes
in product or
process design

. Yes
eed to adjust process

and cost data?

product model

Product model with
process and cost
data embedded

4 Cost
feedback
to inform TVD

Adjust Process

A

AN

and Cost Data

Legend:

AN

Container of inputs
or outputs of process steps

Process
step

———

—_—

Case study 1

Case study 2

Case study 3

-~

Ad
v

»a
LA

v

Figure 2.3 Use of case studies to deliver proof of concept for a PBCM framework

Case study 3. Using an Autodesk Revit Add-In to provide rapid cost feedback to designers

This case study demonstrates the application of an Autodesk Revit Add-In that integrates product
cost and process cost of the VDW system to the BIM model at the CHH project to provide rapid
cost feedback to designers. The objectives of this case study are to (1) demonstrate the technical
feasibility of PBCM; (2) propose a method to map a BIM object family with process- and cost
data; (3) provide an interface for adjusting process- and cost data through process maps; and

(4) suggest a framework for establishing and utilizing a process database.

Success of the proposed cost modeling method is measured through subjective evaluations
provided by the participants and through the use of objective metrics where available. During the
course of pursuing case studies, | performed cross-case analysis and draw cross-case
conclusions. These conclusions were validated by having key participants review the case-study

reports.
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2.2.4 UNDERSTANDING PHASE OF RESEARCH

In the understanding phase, | synthesized research results from the case studies, draw
conclusions, and provided recommendations for further research. During the course of the study,
research results were published in the International Group of Lean Construction (IGLC)
conference proceedings and Lean Construction Journal to disseminate findings and trigger
discussion. Feedback from those publications was analyzed to enhance this research and to
shape future studies.

This chapter presented the research approach used in this dissertation. In this chapter, |
described the application of case-study research and action research to develop the PBCM
framework.
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CHAPTER 3. LITERATURE REVIEW

This chapter reviews the relevant professional and research developments that have influenced
this study and is divided into five sections. Section 1 introduces the LPDS™, section 2 presents
the relevant literature on Target Costing and TVD as well as tools that support TVD, section 3
summarizes current practices of cost modeling, section 4 introduces BIM and model-based
estimating and process simulation tools, and section 5 discusses related research.

3.1 LEAN PROJECT DELIVERY SYSTEM™

The LPDS™ is a “production management-based approach to designing and building capital
facilities in which the project is structured and managed as a value generating process” (Ballard
2000). The LPDS™ model, as depicted in Figure 1.1 (Chapter 1), consists of modules organized
into overlapping triads representing five different project phases (Ballard 2000). Each phase, as
represented by a triangle, consists of essential steps that in combination lead to project
completion.

Throughout all phases of a project, Production Control and Work Structuring are
complementary and managed concurrently. Production Control comprises processes that “govern
execution of plans and extend throughout a project where ‘control’ means causing a desired
future rather than identifying variances between plan and actual” (Ballard 2000). Production
Control uses master scheduling, phase scheduling, and look-ahead planning to manage work-
flow control and it uses weekly work planning to manage production unit control (Ballard 2000).

Work Structuring in lean construction is defined as “the development of operation and
process design in alignment with product design, the structure of supply chains, the allocation of
resources, and design-for-assembly efforts with the goal of making work-flow more reliable and
quick while delivering value to the customer” (Ballard 2000). Initially the term Work Structuring
equated to process design (Ballard 1999). Ballard et al. (2001) broadened the scope of Work
Structuring by equating it with Production System Design (PSD) (refer to section 3.2.4).

Project Definition is the first phase in lean project delivery. It is understood as “the phase in
which business planning occurs and feasibility studies are performed.” Deliverables are decisions
whether to fund projects and decisions to set target scopes and costs for the funded projects
(Ballard 2006a). In this phase, the design team establishes a Target Cost for the facility and
produces design criteria for both product- and process design.

In the Lean Design phase, the conceptual design from Project Definition is developed into
product- and process design. To integrate product- and process design, specialty contractors must
be a part of the design process. These specialty contractors assist with the selection of
components and equipment and with process design (Ballard 2000). In addition, to align the
physical design of a capital facility with customer’s values, the design team uses innovative
approaches to set targets and design to targets, explore alternatives, and integrate product- and
process design. Examples of such approach are TVD (refer to section 3.2.2), IPD (refer to
section 3.2.3), PSD (refer to section 3.2.4), SBD (refer to section 3.2.5), and BIM (refer to
section 3.4).
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3.2 TARGET COSTING IN THE MANUFACTURING INDUSTRY AND TARGET
VALUE DESIGN IN THE LPDS™

3.2.1 TARGET COSTING IN THE MANUFACTURING INDUSTRY

Target Costing has been in use in the Japanese automotive industry since the 1960s (Pennanen et
al. 2005). Target Costing can be understood as a management tool for reducing the overall cost
of a product over its life cycle with the help of all the firm’s departments and the active
contribution of the supply chain. The long-term, proactive principles of Target Cost management
contradict the traditional after-the-fact treatment of conventional cost control (Kato 1993).

Surveys carried out by the Kobe University Management Accounting Research Group in
1992 (Kato and Yoshida 1998) revealed that a majority of Japan’s largest manufacturers used
Target Cost management and benefited from its continuing cost reduction power. These surveys
also showed that concurrent engineering, cross-functional teams, inter-organizational cost
management or supply chain cost management were key components to reinforce the power of
Target Cost management.

The well-known formula of Target Cost computation is: Target Cost = Target Price - Target
Profit (e.g., Ansari 1996, Cooper and Slagmulder 1997, Clifton et al. 2004). Target Costing is
used for the development of new products to reduce life cycle costs while ensuring quality,
reliability, and customer requirements by examining all possible ideas for cost reduction in the
product planning, research development, and prototyping. In the manufacturing industry, Target
Costing is supported by four fundamental techniques: (1) market intelligence, (2) value
engineering, (3) variety reduction programs, and (4) inter-organizational cost management
systems (Kato 1993).

According to Kato and Yoshida (1998), the first article on Target Cost was published in
1977. Japanese researchers dominated in this research area until the early 1990s. After that,
Western researchers, such as Ansari (1996), Cooper and Slagmulder (1997), Horngren et al.
(1997), and Clifton et al. (2004), also studied approaches for cost reduction through Target Cost
management.

According to Nicolini et al. (2000), although Target Costing proved highly successful in new
product development for commaodities in manufacturing, its application in capital-intensive
sectors such as construction has been limited. Cost-plus approaches have prevailed in the
construction industry. These start with cost estimation to which a profit margin gets added using
the formula Price = Cost + Profit. Ballard and Reiser (2004) described that the traditional
practice in construction was to produce design to an agreed level of detail, estimate its cost, then
try to alter the design in order to bring the estimated cost within budget. This approach is
wasteful since the iteration of design/estimate/re-design cycles cause rework and frustration. A
cost cutting exercise during re-design may include reducing scope or lowering material quality
that may result in less value for customers. Table 3.1 compares cost-plus and Target Costing
approaches.
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Table 3.1 Comparison of cost-plus and Target Costing (Nicolini et al. 2000)

Cost-plus Target Costing

Costs determine price Price determines costs

Performance, quality, and profit (and more rarely Design is key to cost reduction, with costs managed
inefficiencies and wastes) are the focus of cost out before they are incurred

reduction

Customer input identifies cost reduction areas
Cost reduction is not customer driven
Cross-functional teams manage costs
Cost accountants are responsible for cost reductions
Early involvement of suppliers
Suppliers involve late in design process
Minimizes cost of ownership for client and producer
No focus on life-cycle cost
Involves supply chain in cost planning
Supply chain only required to cut costs

In early attempts to apply Target Costing in the construction industry, Ballard and Reiser
(2004) suggested using cross-functional teams to anticipate the cost consequences of different
possible designs or design decisions, and limiting eligibility of designs or decisions that fit
within the Target Cost. They also recommended Value Engineering (VE) and the use of
integrated product/cost modeling as needed support tools for designing to Target Cost. Pennanen
et al. (2005) defined three steps for implementing Target Costing as follows: (1) define
functional criteria, (2) determine Target Cost, and (3) design to the targets.

3.2.2 TARGET VALUE DESIGN

TVD is an adaptation of Target Costing to project production systems. TVD covers value targets
beyond cost, including constructability, time, safety, work structuring, etc. (Lichtig 2005).

TVD is “a management practice that drives design to deliver customer value within project
constraints... it rests on a production management foundation and treats cost as an outcome of
PSD, operation and improvement” (Ballard 2009). TVD spans from the Project Definition phase
and continues through the entire project and its principles help to steer the design team to meet
established design criteria.

According to Macomber et al. (2007), TVD turns current design practice upside-down:
(1) Setting the Target Cost for design: “Rather than estimate based on a detailed design, design
based on a detailed estimate”, (2) Work Structuring: “Rather than evaluate the constructability of
a design, design for what is constructable”, (3) Collaboration: “Rather than design alone and then
come together for group reviews and decisions, work together to define the issues and produce
decisions then design to those decisions”, (4) Set-Based Design: “Rather than narrow choices to
proceed with design, carry solution sets far into the design process”, and (5) Collocation: “Rather
than work alone in separate rooms, work in pairs or larger groups, face to face.” Figure 1.3
(Chapter 1) depicts these five fundamental components of TVD.
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Figure 3.1 shows that TVD starts from the Project Definition phase and continues through

the entire project, moving from setting targets, to designing to targets, and finally building to

targets.

- Preproject Planning

Conform

—{ Commission/Turnover }J

Figure 3.1 Project phases and Target Value Design (Ballard 2009)

Ballard (2009) specified the following steps to implement TVD in the Project Definition and
Lean Design phases:

Set the Target Cost that is typically lower than the budget that assumed current best
practice,

Form TVD teams by system and allocate the Target Cost to each team,
Hold a kick-off workshop,

Start a meeting schedule,

Use a SBD approach and evaluate sets against target values,

Provide cost and constructability guidelines for design, e.g., product/process
standardization,

Promote collaboration and have designers get cost input before developing design
options,
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Do rapid estimating and hold frequent budget alignment sessions,
 Use value engineering proactively, and
» Hold design reviews with permitting agencies.

Specifically on the process of design to targets, Ballard (2006c) proposed a seven-step
process that emphasized concurrency in Design Development and cost modeling, as well as the
advantage of automated costing: (1) Allocate the Target Cost to systems, subsystems, and
components; (2) Establish a personal relationship between designers and cost modelers in each
system team; (3) Have cost modelers provide cost guidelines to designers up front, before design
begins; (4) Encourage designers to consult with cost modelers on the cost implications of design
alternatives before they are developed; (5) Incorporate value engineering/value management
tools and techniques into the design process; (6) Schedule cost reviews and client signoffs, but
develop design and cost concurrently; and (7) Use computer models to automate costing.

TVD aims at achieving the best possible design for the available budget. Cost is a constraint
on design beside value targets spelled out by the customer. Design decisions usually comprise
trade-off analysis of time, form, function, product cost, logistics cost, installation cost, and life-
cycle cost. TVD also requires behavioral changes in comparison to the traditional design process.
Owner representatives must learn to act as an integrated part of the team to specify customer
value in order to direct design efforts. Architects, engineers, and design consultants must learn to
tolerate contractors’ assessment on the constructability and cost of their designs.

3.2.3 INTEGRATED PROJECT DELIVERY (IPD)

IPD is a collaborative project delivery approach that integrates people, systems, business
structures, and practices into a process that ties together the insights of all participants to
“optimize project results, increase value to the owner, reduce waste, and maximize efficiency
through all phases of design, fabrication, and construction” (AlA 2007).

IPD has an advantage of encouraging team involvement in the early phases of design over
traditional project delivery system such as Design-Bid-Build (DBB) or Design-Build (DB)
(Matthews and Howell 2005). It allows downstream players (e.g., the GC, specialty contractors,
suppliers), who have the most process-related knowledge and experience (such as experience in
fabrication, logistics, work method selection, and trade coordination) to provide input to design
phases. The IFOA, developed by Lichtig (2006), promotes collaboration in an IPD team and
offers a method of risk sharing. Due to the collaborative nature of TVD, the IPD approach is an
enabler for the implementation of TVD.

3.2.4 PRODUCTION SYSTEM DESIGN (PSD)

Initially, Work Structuring in LPDS™ was mentioned as process design (Ballard 1999). Ballard
et al. (2001) expanded the scope of Work Structuring by equating it with PSD. In conventional
practice, “project planning has focused primarily on organizational structuring and creation of
work breakdown structures (WBSs) that divide the work to be done.” In contrast, PSD “extends
from global organization to the design of operations; e.g., from decisions regarding who is to be
involved in what roles to decisions regarding how the physical work will be accomplished”
(Ballard et al. 2001).
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In conventional project management as characterized by decomposition (i.e., using WBSS),
designers often leave the resolution of interface and issues of scope gap and scope overlap, to the
builders (Tsao et al. 2004). While the design of each part in a WBS may appear to be reasonable
and logical upon inspection, the design of the overall assembly may actually be far from optimal.
The uncertainties and errors created during design may prove to be detrimental to performance
during installation (Tommelein et al. 1999). Therefore, the main principle of PSD is to integrate
product- and process design for the whole project.

As the result of decomposition practices, conventional cost modeling practices focus on
individual cost elements. Meanwhile, the integration of product- and process design in PSD
requires cost estimating to focus on both cost elements and the interdependencies (e.g., physical
and temporal) between elements. To support PSD, a cost model could be more realistic if it is
able to specify how changes in product- and process design affect overall cost and the output of
that cost model must support trade-off analysis between incremental value and incremental cost.

3.2.5 SET-BASED DESIGN

According to Ward et al. (1995), SBD is a process in which designers communicate and think
about sets of design alternatives and they “gradually narrow these sets by eliminating inferior
alternatives until they come to a final solution.” SBD focuses on keeping sets of design options
“*as open as possible for as long as possible” (Parrish et al. 2007). Design alternatives are defined
and communicated between all disciplines, and the choice of a single alternative is made at the
last responsible moment. This occurs at each level of Design Development, from concept to
detailed design (Parrish et al. 2008a; 2008b).

3.3 CURRENT PRACTICES OF COST MODELING
3.3.1 ESTIMATING FORMATS AND WORK BREAKDOWN STRUCTURES

Cost estimates are often organized according to certain formats, i.e., WBSs. Widely used WBS
systems in the United States are Uniformat (1998) and MasterFormat (1995). Uniformat
represents WBS costs according to a hierarchy of system elements. An estimate using Uniformat
may be used in early design such as the Conceptual Design phase or the Design Development
phase (Bledsoe 1992, Charette and Marshall 1999). In contrast, as MasterFormat aligns well with
the way specialty contractors specify their work results, it is widely used to organize cost
estimates late in the Design Development phase and in the Construction Document design phase
(Bledsoe 1992). MasterFormat currently organizes the WBS into 16 divisional categories based
on trades and materials. The Construction Specifications Institute (CSI) is in the process of
expanding MasterFormat to 49 divisions.

In an initiative to address the construction industry’s needs for organizing different forms of
information generated throughout the life cycle of a project including: design, specification, cost
estimate, construction, commissioning, and facility management. The OmniClass Construction
Classification System (OCCS 2008) was jointly developed by the Construction Specifications
Institute and the International Alliance for Interoperability. OmniClass incorporate other existing
systems currently in use such as MasterFormat for classifying work results, UniFormat for
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classifying elements, and EPIC (Electronic Product Information Cooperation) for sharing
information between construction product databases (OCCS 2008).

3.3.2 CosT ESTIMATING METHODS AND HISTORICAL COST DATABASE
3.3.2.1 Cost Models

According to Halpin and Riggs (1992), a model is “a representation of a real-world situation and
usually provides a framework with which a given situation can be investigated and analyzed.” In
this sense, a cost model in construction can be understood as a representation of the cost of a
component, a system, or a facility under design. A cost model is used to (1) calculate the cost
effect of a design change or to (2) estimate the cost of an element of a design or the whole
design. Any cost estimating method that has one or both of the mentioned capabilities can be
described as cost models (Beeston 1987). Fortune and Lees (1996) classified the development of
the available cost models as follows:

* “Traditional” models (cost per square foot, elemental analysis, significant items,
approximate quantities, detailed quantities, judgment, functional unit)

» Mathematical (parametric modeling, expert judgment or delphi techniques)
» Knowledge based systems (life cycle costing techniques)

* Resource/process based models

* Risk analysis (Monte Carlo simulation)

* Value rated models

According to Wilson (1982), the purpose of cost models is to support at least one of the
following tasks: (1) to compare a range of possible design alternatives at any stage in the design
process, (2) to compare a range of actual design alternatives at any stage in the design evolution,
and select the most preferred design according to predefined criteria of expected performance,
(3) to predict the total price that the client will have to pay for the building, and (4) To predict
the economic effects on society for changes in design codes and regulations. The first two tasks
play an important role in cost control during the design stage of a project.

Figure 1.2 in chapter 1 summarizes traditional cost models, their related estimating methods,
their applications in different states of design, and types of historical cost data needed for each
cost model.

According to Bledsoe (1992) and the National Institute of Building Sciences (NIBS 2006),
the construction industry uses four primary methods to estimate construction costs. Those
methods are known as: (1) Parametric Cost Estimating (also known as Preliminary or Project
Comparison Estimating), (2) Area and Volume Estimating (also known as Square Foot and
Cubic Foot Estimating), (3) Assembly and System Estimating, and (4) Unit Price and Schedule
Estimating. Each method of estimating offers a level of confidence that is in relative to the
amount of time required to prepare the estimate (Figure 3.2).
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Figure 3.2 Relative accuracy of estimate types (Bledsoe 1992)
3.3.2.2 Parametric Cost Estimating

Parametric Cost Estimating models are used in the Conceptual Design phase when a project’s
scope information is limited. According to Hegazy and Ayed (1998), a Parametric Cost
Estimating model consists of one or more functions, or cost estimating relationships between the
cost as the dependent variable and the cost-governing factors as the independent variables.
Traditionally, cost estimating relationships are developed by applying regression analysis to
historical project information. The development of these models, however, is a difficult task due
to the limitations of regression analysis: (1) regression analysis requires a defined mathematical
form for the cost function that best fits the available historical data (Creese and Li 1995) and

(2) regression analysis is unsuitable to account for the large number of variables present in a
construction project and the numerous interactions among them. These limitations have
contributed to the low accuracy of parametric models and their limited use in construction (Garza
and Rouhana 1995).

The regression equation usually takes the linear form: Y = A + B1X1 + B2X2 + ... + BnXn.
Where (1) Y is the dependent variable (cost), (2) A is the intercept, (3) B1, B2, ..., Bn are the
regression coefficients of the predicted variables, and (4) X1, X2, ..., Xn are the independent
variables or measures of some characteristics that affect Y (such as gross floor area, number of
storeys, wall-to-floor ratio, etc.). Table 3.2 shows a more complete list of independent variables,
called cost drivers, in building construction. This method is used in those situations where a
correlation exists between the variables. Different types of regression models can be developed.
They include a simple linear-, a multiple linear-, or a non-linear polynomial regression (FAA
2002).

Cost drivers are the controllable system design or planning characteristics, and have a
predominant effect on system cost. The parametric method focuses on the cost drivers, not the
miscellaneous details. This method uses only important parameters, i.e., parameters that are
judged to have the most significant cost impact on the product being estimated. As presented in
Table 3.2, Soutos (2005) identified some significant cost drivers used in the Conceptual Design
phase.
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Hegazy (1998) proposed the application of an Artificial Neural Network (ANN) modeling for
Parametric Cost Estimating at the early stage of a project. According to Boussabaine (1996),
ANN is an information processing technology that simulates the human brain and the nervous
system. Resembling the human brain, ANN can be trained to learn from experience and abstract
essential characteristics from inputs containing relevant data. However, due to its complexity in
development and use, the ANN model has limited application in the construction industry
(Fortune and Cox 2005).

Table 3.2 Cost drivers used for parametric estimating model (Soutos 2005)

Project Strategic: Contract form, contract type, duration, procurement, purpose, tender
strategy.

Site Related: Site access, topography, location type, site nature.

Design Related and Envelope, building function, gross internal floor area, height of

Building Definition: building, number of levels above ground, number of levels below

ground, quality, shape complexity, structural units, wall-to-floor ratio.
Structure: Substructure, piling, frame, upper floors, roof construction, roof
profile, roof finishes, stairs, external walls, windows, external doors,
roller shutter doors, internal walls/partitions, internal doors.
Finishes: Internal wall finishes, floor finishes, ceiling finishes.

Mechanical Installations:  Air conditioning, lifts, total mechanical installations.

3.3.2.3 Area and Volume Estimating

The Area and Volume Estimating method is often used in the Conceptual Design phase, when
design detail allows measurement of floor areas and volumes of the proposed spaces. Estimators
use historical databases that provide composite unit costs per an area unit (i.e., $/Square Foot) or
per a volume unit (i.e., $/Cubic Foot). Estimators can use historical data maintained by their own
firm or provided by commercial sources. Estimators adjust historical data according to time,
location, local labor market rates, and scale and features of the planned facility. Then estimators
multiply the adjusted unit cost by the total area or total volume to produce a cost estimate
(Bledsoe 1992; NIBS 2008).

3.3.2.4 Assembly and System Estimate

Assemblies and systems are defined as major parts of the building that always perform the same
function irrespectively of their location or specification. For example, beams transmit slab loads
to columns and internal partitions always vertically divide two internal spaces. The cost of a
functional element expressed per unit of the gross floor area is used in combination with a cost
index to calculate element cost (Ferry 1999).

The Assembly and System Estimate is an intermediate-level estimate, it is performed when a
project is in the Design Development phase, i.e., when design is in between 10% and 75%
complete. Assemblies or systems group the work of several specialties or work items into a
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single unit for estimating purposes. For example, a concrete beam usually requires formwork,
reinforcing steel, and concrete and these works may be performed by different specialty
contractors. But Assembly and System Estimating prices all of these items together by applying
values available in historical databases, either from internal or commercial sources. These cost
data are expressed by cost of a functional system per unit of gross floor area, typically organized
in a Uniformat system that represents the progress of building construction (Bledsoe 1992; NIBS
2008).

3.3.2.5 Unit Price and Schedule Estimate

This type of estimate is often used late in the Design Development phase and during the
Construction Document phase, when detailed drawings and specifications are available. It offers
the greatest accuracy of the four types of estimating, but is also the most time consuming. Line
items reflect quantities according to a WBS that adopts the MasterFormat.

Estimators measure and calculate quantities of the components of a facility from design
drawings. Estimators then list the calculated quantities in a BOQ and assign a unit price to each
line item in the BOQ. The total estimated cost is a summation of the products of the quantities
multiplied by their corresponding unit costs. Various levels of sophistication in terms of
measurement detail and description exist with BOQs but the same principles apply.

To determine a unit price an estimator needs to (1) assume a work method, (2) estimate a
productivity rate, (3) estimate labor cost, (4) estimate material cost, (5) estimate overhead and
profit, and (6) add an allowance for assumed conditions. Each step requires judgment by the
estimator and this judgment is based on historical data, the estimator’s own past experience,
previous experience of others, and gut feeling. The subjectivity of these judgments is the main
reason for variations in estimating from one estimate to another and different estimators often
come up with different cost estimates for the same set of drawings (Sinclair et al. 2002; Kanaya
2009).

3.3.2.6 Historical Cost Database

Historical cost data may come from internal or external sources. A company compiles its internal
historical cost database from records of completed projects and price quotations from specialty
contractors and suppliers. Estimators may collect these data from projects that they have been
involved with and therefore are the most knowledgeable of. However, no two projects are the
same. Projects vary in scope, shape, structure, material, underground conditions, site restrictions,
and so forth. The estimator may face many challenges in using historical cost data, such as:

(1) understand the source and timing of the historical data, (2) understand what the historical data
contain, (3) understand specific conditions of the completed project that may impact historical
data, (4) convert the historical data to reflect the timing and location of the new project, and

(5) manipulate the data to represent specific conditions of the current project (Sinclair et al.
2002, NIBS 2008).

External sources of historical cost data are available in both printed and electronic versions,

e.g., RSMeans Company (RSMeans 2010) and F.R. Walker Company (Walker 2010) annually
publish cost information. But these data pose even greater challenges in comparison to those of
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internal data since estimators face the risk of manipulating data that they are not familiar with.
Therefore, experienced estimators often use published sources as a reference only in order to
cross-check their own numbers or to come up with a ball-park estimate for work for which they
do not have internal data available (Kanaya 2009).

For an internal historical cost database to be useful and reasonably accurate, the actual cost of
completed projects must be recorded and documented properly. The current practice of job cost
accounting is to compile the cost of an installed component by adding up all costs of resources
actually used to install that component. This total eventually includes inefficiencies and waste
that prevail in construction processes, especially in projects that do not rigorously use methods to
eliminate process waste or do not use continuous improvement. Thus historical cost data may
contain inefficiencies and wastes previously experienced such as trade interference, location
conflict, productivity loss, excessive logistics, and site handling costs. Field personnel such as
superintendents and construction project managers may realize these process inefficiencies and
wastes. However, the window case study (Chapter 5) and my interviews with estimators at Davis
Langdon (a cost consulting company), Rudolph and Sletten, The Boldt Company, and Herrero
Contractors, Inc. (General Contractors), and superintendents at CHH reveal that these data are
rarely documented and thus hardly ever communicated to estimators.

In order to improve cost estimating practice, an estimator should compare his estimates
against actual costs when the project is finished and as a learning exercise. Actual cost feedback
helps the estimator verify the reliability of historical cost data used, review his data adjustment
decisions, and adjust his cost model. However, according to Sinclair et al. (2002), the learning
process is not carried out effectively within the industry, feedback of actual costs is not
consistently used to review and adjust the cost data for estimating future projects. My interviews
with estimators at CHH and cost consultants at Davis Langdon also confirmed the lack of
consistent feedback loops in estimating.

3.3.3 ACTIVITY-BASED COSTING

Activity-Based Costing (ABC) is a method of allocating costs through activities to products and
services according to the actual consumption by each (Cokins 1996; 2001). ABC was originally
used in the manufacturing industry and it was experimented within the construction industry to
analyze construction cost (Kim and Ballard 2001; Kim 2002) and construction supply chain cost
(Kim and Jinwoo 2009).

Instead of using broad subjective percentages to allocate costs (especially overhead cost) as
is done in traditional Resource-Based Costing methods, ABC seeks to identify cause and effect
relationships to more objectively assign costs. Once costs of the activities have been identified,
the cost of each activity is attributed to each product to the extent that the product uses the
activity. In this way, ABC often identifies areas of high overhead costs per unit and so directs
attention to finding ways to reduce the costs or to charge more for costly products (Cokins 1996).
Since ABC focuses on process and it is used to trace resources to activities and assign activities
to products and services (Back et al. 2000), ABC data collected from a completed project is
useful for analyzing processes of future projects. Table 3.3 compares the Resource-Based
Costing that is widely used in construction and the ABC approach.
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Table 3.3 Resource-Based Costing vs. Activity-Based Costing

Resource-Based Costing Activity-Based Costing

e Focuses on resources e Focuses on processes

e Focuses on individual cost elements rather e Embeds a process view, focusing on the
than the interdependencies between elements interdependencies between elements and their
and their immediate internal suppliers and immediate internal suppliers and customers
customers (Brimson and Antos 1999) (Back et al. 2000)

e One-stage costing, resources are traced e Two-stage costing, resources are traced to
directly to products and services processes then processes are assigned to

products and services.
e The focus on allocating resources to cost ABC focuses on providing outputs or customer
centers is to provide inputs to a process rather requirements (Brimson and Antos 1999)
than outputs or customer requirements
(Brimson and Antos 1999)
e Overhead and indirect expenses are allocated

Overhead and indirect expenses are more

on an subjective basis and result in cost specifically assigned to activities where they
centers often “absorbing’ costs that they do occurs (Brimson and Antos 1999)
not directly cause (Brimson and Antos 1999)

e Does not explicitly connect labor o Places responsibility and accountability on
performance to customer value labor to manage their activities to achieve their

performance targets

e Does not look at the cost and benefit tradeoffs Allows the analysis of cost and benefit

of different service levels tradeoffs of different service levels

e Established budget is often the results of e Provides an ability to understand how
looking at past projects and projecting some products/services create demand (or pull) for
linear relationship to the future (Brimson and specific activities that in turn drive the
Antos 1999), resources are allocated to work requirement of resources (Kim and Ballard
items (or push) based on historical data (Kim 2001)
and Ballard 2001)

e Does not connect budgeting to economic e Connects budgeting to economic value and
value and strategy strategy

o Reflects a transformation view (Kim and
Ballard 2001)

Reflects a process view (Maxwell et al. 1998)

3.4 BUILDING INFORMATION MODELING

According to the National Building Information Standard (NBIMS 2007) project committee,
BIM is “a digital representation of physical and functional characteristics of a facility.” BIM can
be applied to create early design alternatives to capture early planning data of function, size,
shape, quality, and cost and it can be used to validate proposed design solutions against the
owner’s requirements (NIBS 2007).
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In the conceptual phase of a project, the owner establishes design and construction criteria,
functional requirements, functional adjacencies, and programmatic area allowances. These
requirements are handed off to the designer to pull together into a cohesive plan including
building code, site, cost, and engineering requirements. BIM can be applied to create an early
design view to capture early planning data in a comprehensive and computable exchange format
to pass to down-stream technologies, such as design modeling and engineering analysis. Once in
a standard computable format, this early design information can be used to validate proposed
design solutions against the owner’s requirements (NIBS 2007).

3.4.1 MODEL-BASED QUANTITY TAKE-OFF AND COST ESTIMATING

Common quantity take-off methods include manual input of the design data into spreadsheets,
digitization of paper drawings using a digitizing tablet, and more advanced methods generate
quantity take-off of individual elements directly from electronic files. BIM models contain
dimensions and characteristics of design elements; therefore they have the potential for object
quantities to be generated automatically.

Early model-based cost estimating software such as Innovaya Visual Estimating (Innovaya
2009), Vico Estimator 2008 (Vico 2008), or U.S. Costs’ Success Design Exchange (U.S. Costs
2008) took advantage of BIM models. During 2008, Innovaya Visual Estimating received more
attention in the US than other model-based cost estimating software since it supports Autodesk
Revit and Sage Timberline Estimating (Figure 3.3), two popular platforms used for 3D modeling
and cost estimating.

Revit Model Innovaya Visual Estimating Sage Timberline Estimating

Timberling Estimatiﬁg

Figure 3.3 Model-based quantity take-off and cost estimating applications

Innovaya provides visual quantity take-off and visual estimating methods working in
conjunction with Revit models. Cost estimating with Innovaya involves three steps: (1)
visualizing and analyzing the design, (2) taking off quantities, and (3) estimating. The first step is
exporting the Autodesk Revit model to a file format that can be opened in Innovaya. This
interactive 3D user interface allows the estimator to understand and analyze the details of the
design model. The second step is quantity take-off. Since the model contains dimensional
information, it has the potential for object quantities to be generated automatically. However,
default dimensional data from the BIM model may not always provide the needed values for the
estimator to calculate detailed cost items, depending on how the cost assemblies are configured.
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The final step in the process is costing. To perform this step, the estimator needs to link Innovaya
to Timberline. The estimator can open up a Timberline database and drag and drop the object
quantities generated in the previous step into Timberline assemblies or items (Khemlani 2006;
Innovaya 2009).

Current model-based estimating solutions are more efficient and accurate than traditional
estimating methods as they eliminate the need for manual measuring and quantity take-off: the
dimensional information is already captured within the model. However, the improvement in the
estimating process pertains to the quantity take-off and not to other parts of the process. Once
quantities are established, the traditional cost estimating method using historical unit costs is
applied to calculate costs of assemblies or of the whole facility. Modeling, quantity take-off, and
cost estimating are often performed in different software platforms as shown in Figure 3.3. This
approach does not take advantage of BIM that can combine various types of information in the
model such as product, process, and cost information.

3.4.2 MODEL-BASED PROCESS SIMULATION

Model-based process simulation is also known as 4D modeling (product model in three
dimensions (3D) plus the time dimension). The most common types of 4D models are the 4D
sequencing models, 4D scheduling models, and 4D animation models:

« A 4D sequencing model illustrates the sequence of components showing up in a virtual
environment according to their sequence indicated in a construction schedule. Durations of
tasks are not part of this simulation. This study is useful for trade coordination during design
phase, when task durations are not readily available, to identify interference and accessibility
problems in order to improve the constructability of a design solution.

« A 4D scheduling model includes both task sequences and task durations. Components related
to a task show up when the simulated time reaches the end time of a task. This permits the
evaluation of issues pertaining to work area divisions and trade interferences. 4D scheduling is
useful for visualizing phase schedules and look-ahead plans. Figure 3.4 depicts an example of
4D scheduling using Synchro Professional (Synchro 2008) in which objects in a 3D model are
linked to activities in a Primavera P3 schedule (Primavera 2010).

« A 4D animation model helps to visualize the movement of equipment, labor, and components
in a construction process. A 4D animation is useful in process design of challenging operations
or in visualizing tasks in the weekly work plan to facilitate coordination of specialty
contractors. When integrated with 4D sequencing or 4D scheduling, animation can bring more
realistic visualization to these studies.

A model-based process simulation includes three steps: (1) acquire the 3D model and objects
from designers and combine them into a single model for later process simulation, (2) obtain
process information, such as schedule, resource, equipment, site logistics, and construction
process from the construction team, and (3) integrate process data into the combined model to
create a simulation of construction processes. Model-based process simulations enable the
construction team to conduct ‘what-if’ analyses of different construction alternatives in a virtual
environment, until a satisfactory method is obtained (Li et al. 2008).
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Figure 3.4 4D scheduling using Synchro

Many questions about the product and its construction process arise only at the moment
someone tries to model them since accurate descriptions are required before modeling can take
place. The process of creating a simulation is equivalent to the actual construction process, in
that the simulation is a representation of the actual product and process, and the key reason to
create a simulation is to find constraints that had not been anticipated. Processes that are difficult
to simulate will likely also be difficult to construct (Kymmel 2008).

Researchers have analyzed the effectiveness of 4D modeling on different areas of design and
construction. For example, Akinci et al. (2002) studied the use of 4D models for planning work
space and site logistics. Hartmann and Fischer (2007) evaluated the use of 4D models for
constructability review. Kamat and Martinez (2001) and L. et al. (2008) evaluated the
application of 4D models for planning construction operations. With the IPD approach in a
LPDS™, the cross-functional project team needs a framework for how to structure coordination
meetings that take full advantage of process simulation. The challenge is to incorporate
innovative ideas generated from the coordination meetings to both product- and process design
in order to streamline fabrication, logistics, and installation processes.

Ballard and Howell (1997) recommended the adaptation and use of the Plan - Do - Check -
Act (PDCA) cycle to study first runs of major operations during the construction phase.
According to the Lean Construction Institute (LCI 2008), a first-run study is a “trial execution of
a process in order to determine the best means, methods, sequencing, etc. to perform it.” Nguyen
et al. (2009) introduced a virtual first-run study (VFRS) framework that helps to implement a
first-run study in a virtual environment during a project’s design phase. A VFRS is defined as a
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FRS carried out in a virtual environment, where objects of study are virtually created in three
dimensions and those objects are linked to process information to simulate the course of
construction. While FRSs help with process design during the construction phase, VFRSs are
intended to help integrate product- and process design during the design phase. Figure 3.5
illustrates the VFRS work-flow.

PLAN DO
= |dentify supply chain participants involved in the design, = Present the 4D simulation to cross-functional team
fabrication, transportation, handling, and installation of the and collect reflections, ideas, and suggestions for
component or system under study and inform them on improvement;
scope, schedule, and objective of the VFRS = Map out construction/installation alternatives using
= Acquire preliminary data on product, process alternatives, cross-functional process mapping technique
and cost from related trade partners; (Damelio 1996);
= Acquire 3D objects from trade partners and combine them
into one 3D model,
= Link 3D objects to time/sequencing information to create

a 4D simulation of the construction process; pﬂ?%
)

N Y4
ACT
= Make decision to select a preferable alternative; CHECK
* Revise design, process map, and 4D simulation = Compare advantages and cost of alternatives using
according to the agreed decision and publish them to Choosing By Advantages (Suhr 1999).
project database for reference and usage latter during
construction phase.

Figure 3.5 Virtual first-run study work-flow (Nguyen et al. 2009)

The main components of the VFRS framework include model-based process simulation,
integrated team coordination meeting, process mapping, and CBA. Effectiveness of the VFRS
framework is illustrated in the VDW case study at CHH (Chapter 6). By showing construction
processes to a project team in a virtual environment, VFRS facilitates the coordination between
specialists, assists with look-ahead planning, and yields reliable estimates of manpower and
process-related cost as shown in the case study.

Popular 4D solutions include Innovaya Visual Simulation (Innovaya 2009), Synchro
Professional (Synchro 2008), Navisworks Timeliner 2009, 2010 (Autodesk 2010c), Vico Control
2008 (Vico 2008), and Tekla CM (Tekla 2009). These applications are changing quickly and all
their developers are trying to improve interoperability with other BIM applications as well as add
more capabilities. However, each application has its own advantages in a certain area of its
strategic focus. While Navisworks and Innovaya Visual Simulation aim at design visualization
and coordination; Synchro, Vico Control, and Tekla CM focus on construction planning and
control. Many architects, engineers and GCs in the United States use Navisworks for design
coordination due to its advantage in interoperability with Autodesk modeling tools, such as
Autodesk Revit and AutoCAD that are widely used by designers and specialty contractors.
Appendix | provides more detail on these 4D applications.

3.5 RELATED RESEARCH

Staub-French and Fischer (2002) and Staub-French et al. (2003) proposed a method to capture
estimators’ rationale between product features and costs. A library of product features and cost
relationships were proposed to help estimators make better judgments about cost implications of
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product customization to final cost. Although this library may help estimators make more
rational adjustments of unit costs to account for product changes, the reliability of an estimate
relies on estimators’ past experience and the accuracy of historical cost data. In addition, this
method was developed for traditional project delivery systems where design estimates were
almost entirely done by cost estimators with limited involvement of specialty contractors during
design. It did not take into account the significant changes in IPD systems where estimates often
have direct inputs from specialty contractors. Therefore, it may tell how product customization
affects the installation process, but it cannot make explicit to estimators or designers the cost
implications of changes in processes, other than field installation, such as material delivery and
site logistics as the result of changes in process design.

Bowen et al. (1987) suggested that cost models could be more realistic if they simulated the
construction process and took into account the cost implications of the process in which
buildings were constructed, i.e., how different construction methods affect cost. Recently, Odeh
(1992), Li (2003), and Bargstadt (2004) attempted to simulate human resource activities with a
high level of detail to determine process durations and associated process costs during simulation
of production processes. By doing so, labor and equipment costs can be estimated while playing
the production process on a site as a computer game by linking resources with processes. These
approaches may achieve more accurate time estimates, but they require detailed process data
which may only be available in the late construction documents phase. Moreover, it would be
very time consuming and expensive to collect data and simulate construction processes with a
high level of detail.

Researchers and practitioners has been developing cost modeling methods to support TVD.
The Boldt Construction Company developed a Project Baseline Index method (aka. the
Quarterback Rating method). This is a parametric conceptual estimating method based on
benchmarking cost data of completed projects. It takes into account broad project attributes such
as the size of the building, the quality of building systems, and the nature of the construction site.
This cost model can be used in Project Definition to estimate expected cost based on client
requirements, prior to design (Morton and Ballard 2009).

Haahtela (2008), a project management firm in Helsinki, developed a building information
cost model named Taku for the Finnish building sector. Taku models the facility cost during the
Project Definition phase directly from client requirements. Taku uses the “black box’ modeling
principles (Beer 1966) in which differences between the client’s requirements are modeled by
reference solutions, and the level of Target Cost is calibrated by continuously comparing the
model’s output to the actual bidding price. If these two results correlate, the difference is stored
in the black box. Otherwise, the cost model needs to be improved (Pennanen et al. 2005;
Pennanen and Ballard 2008). The two cost models proposed by The Boldt Company and
Haahtela are mainly used during Project Definition to establish Target Costs at a system level.

This literature review provided a context for my research and contributions; it also
highlighted the need for a new cost modeling method to better support TVD during the Design
Development phase.
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CHAPTER 4. PROPOSED FRAMEWORK FOR PROCESS-
BASED COST MODELING

This chapter presents the current state of cost modeling during the Design Development phase in
the TVD environment. This characterization of the current state is based on my direct
observation over a time period of sixteen months, starting on May 2008, of the TVD process at
the CHH project in San Francisco, as well as document analysis, and semi-structured interviews
conducted with practitioners on that project. The findings led to a proposal of an alternative cost
modeling method and help structure case studies and software development to deliver proof of
concept. This chapter then illustrates the framework for a PBCM method, as follows:

(1) collecting process- and cost data, (2) mapping process- and cost data to BIM objects, and (3)
providing cost feedback during design.

4.1 PROJECT BACKGROUND

CHH is a new Acute Care and Women’s and Children’s hospital in San Francisco, California. It
is a part of the California Pacific Medical Center (CPMC), an affiliate of Sutter Health. The
project is budgeted at $1.7 billion. The hospital will have 555 patient beds and 912,000 building
gross square feet (BGSF). Design of CHH began in 2007 and the project is expected to be
completed by 2015. At the time of this publication, the project is in its preconstruction phase.

Sutter Health, one of northern California's largest health-care providers, has shown a
commitment to lean practices as a new design and construction philosophy to execute its major
capital projects. It translated lean ideas into an organizational philosophy based on “Five Big
Ideas™: (1) collaborate - really collaborate, (2) increase relatedness, (3) projects as a network of
commitments, (4) tightly couple learning with action, and (5) optimize the whole (IFOA 2007).

The owner, the architect, and the GC formed an IPD team to facilitate design, construction,
and commissioning of the Project. The IPD team included the owner, architect, consultants, GC,
subcontractors, and suppliers. Table 4.1 lists the IPD team members who participated in the
Design Development Phase.

The IPD team organized into cluster groups. Cluster groups are the organizational units for
all phases of project delivery and members of clusters are physically co-located in a shared office
(Validation Study Report 2007). Cluster groups are cross-functional teams of facility
stakeholders, designers, construction managers, suppliers, and contractors. Cluster groups for
this project included structural, MEP (mechanical, electrical, and plumbing), exterior skin,
interiors, technology, virtual design and construction, equipment, vertical transportation, and
production.

Figure 4.1 presents the structure of the IPD team. A core group including executive
representatives from the owner (Sutter Health), owner’s affiliate (CPMC), architect (Smith
Group), and the GC (HerrerBoldt). The core group is responsible for reviewing and stimulating
the progress of the project. The core group meets on a weekly basis and makes decisions by
consensus.
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Table 4.1 IPD team members during Design Development

IPD Team Members Role/Specialty
CPMC/Sutter Health Owner
Smith Group Acrchitect/Engineer

HerreroBoldt

Degenkolb

Charles Pankow Builders
Olson Steel

Herrick Steel

Pacific Erectors

DIS

Ferma Corporation

Ryan Engineering

Ad-In Inc

ISEC

KHS&S Contractors
Bagatelos Architectural Glass
D&J Tile & Exterior Stone
The Lawson Roofing

Ted Jacob Engineering Group
Southland Industries
Capital Engineering
Rosendin Electric
Silverman and Light

Otis Elevator

RLH Fire Protection

Construction Manager/GC
Structural Engineer

Concrete Structures Contractor
Miscellaneous Steel Fabricator
Structural Steel Contractor

Steel Erection Contractor

Viscous Wall Damper Fabricator
Demolition Contractor

Excavation Contractor

Acoustical Contractor
Doors/Frames/Hardware Contractor
Metal Frame and Drywall Contractor
Curtain Wall Contractor

Exterior Stone Contractor

Roofing Contractor

Mechanical Engineer

Mechanical Contractor

Mechanical Engineering Consultant
Electrical Contractor

Electrical Engineer

Elevator Contractor

Fire Protection Contractor

To support lean thinking, the CPMC team developed its own relational contract called the
Integrated Form of Agreement (IFOA). The IFOA created the contractual and financial
framework to facilitate the effective collaboration of the owner, architects, engineers, specialty
contractors, and supply chain members. According to this agreement, all costs such as labor,
overhead, materials, and purchased equipment will be reimbursed at actual cost. Profit is a
negotiated lump-sum and to be paid per schedule. The owner jointly with all other key members
on the IPD team put a certain portion of their fee into a shared risk pool. The shared risk pool is
paid to IPD team members if the project cost is less than or equal to the Estimated Maximum
Price (EMP) (aka. allowable cost). If the project cost exceeds the EMP the at-risk pool will be
used to repay the owner for the difference. IPD team members will not be liable to the owner for
damages, claims, expenses and/or liabilities in excess of the total amount deposited in the IPD
team at-risk pool account. With this arrangement, Sutter has removed all but a small quantified
amount of risk from the project for IPD team members (IFOA 2007). This brings an incentive
and the freedom for team members to collaborate and focus their effort in maximizing overall
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value of the project instead of trying to optimize their own operations. During the design phase,
team collaboration efforts were orchestrated through the TVD process.

Core Group
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T Enttlement

Other
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‘ Medical Center
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IPD Team ' Sutter Health

Ted
Jacobs '

Figure 4.1 Organization structure of IPD team at CHH project (IFOA 2007)

An example of successful collaboration effort at CHH is an arrangement between the owner,
the structural engineer, the GC, and the steel mills in addressing the volatility of the structural
steel material. Volatility in the construction market is the predictability of the price and
availability of a construction material (Cross 2004). Volatility has a great impact on the product
design and the construction estimating practice. The potential availability of the product during
construction may affect designers’ decision on whether to select it or not, and the estimators need
to reflect the impact of price changes and material availability in their cost estimates. Cross
(2004) recommended that specialty contractors must be brought in early to the project and
integrated into the design and construction team to lessen the risks of construction material
volatility. Specialty contractors can offer expertise regarding material pricing, cost-saving
techniques, process design, and working with material suppliers that owners, architects,
engineers, and GCs do not possess. Cross’ recommendations are proved to be valid in the case of
CHH, the IPD team brought Herrick Steel into the early Design Development phase. Herrick
worked with steel mills and collaborated with the IPD team and proposed a structural steel price
protection plan. According to this plan, Herrick will act on behalf of the IPD team to negotiate
material pricing with steel mills. Once agreed on the price, the IPD team will purchase a price
protection guarantee for a total of 9,000 tons of wide flange structural steel at a cost of $270,000.
This expense will be taken from a structural steel escalation budget of $1.4 million to handle
future structural steel escalation. This plan not only protects the structural steel budget from
escalation, it also ensures the availability of structural steel material during construction.
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Considering these advantages, the IPD team decided to authorize Herrick to implement the price
protection plan.

4.2 TARGET VALUE DESIGN AT CATHEDRAL HILL HOSPITAL PROJECT

TVD is a broadened concept of Target Costing (Ballard 2006). TVD encompasses key principles
including: Target Costing, work structuring, set-based design, collaboration, and collocation
(Macomber et al. 2007). The aim of TVD is to maximize value generation while remaining
within the Target Cost (the cost that is set lower than the allowable cost in order to drive
innovation beyond current practices). With the focus on value, TVD covers additional design
criteria beyond cost, including constructability, time, process design, design collaboration, etc.
(Lichtig 2005).

The IPD team at CHH specified target value from the project definition phase. The target
value included both Target Cost and project goals that are to be achieved within the Target Cost.
The Target Cost was established during an extensive business planning phase, followed by a four
month business plan validation phase that included key members of the project design team,
including architects, engineers, the GC, and critical trade partners (Ballard and Rybkowski
2009). The established Target Costs were assigned to each cluster group. TVD spans from the
project definition phase to the design phase and it helps steer a design team to meet established
design criteria. This effort may result in shifting costs from the construction phase to the design
phase, or between Target Cost categories. In the case of CHH, fabrication drawing production
and constructability coordination, which typically are accounted for as a construction cost, took
place during design. In TVD, designers and engineers produce only those deliverables needed for
permitting and needed by trade partners for detailing. Later on, trade partners and suppliers
produce detailed design. This was made possible due to the owner's willingness to invest upfront
and pay for the production of details well before the start of construction (Lostuvali et al. 2009).

To implement the TVD process, cluster groups structured meetings on a weekly basis to
coordinate the design of major building components and systems. They attempted to
simultaneously design the product (what is to be built) and the process (how it will be built).
Table 4.2 introduces the weekly TVD cycle at CHH, where Tuesdays and Thursdays are
designated as meeting days and formal cluster group workdays. Mondays, Wednesdays, and
Fridays are designated as informal cluster group workdays and IPD team collaboration days.

In a TVD meeting, the TVD manager provides an overview of the project estimate including
variances in cost relative to the previous week and to the Target Cost. Each cluster group leader
reports on weekly progress. The report-out by cluster group leaders may include mention of the
(1) status of current cost estimates belonging to their cluster, (2) review of current and
outstanding issues, (3) report on value improvement ideas, and (4) path forward.

In cluster group working sessions, the focus is to: (1) innovate value into the design and
budget, (2) understand the Target Cost budget and details behind what the budget includes,
(3) identify constraints and areas of concern that impact design, cost, schedule and value,
(4) thoroughly understand the issues and prioritize issues, (5) prepare A3 reports for outlining the
situation and communicate alternatives and recommendations to the core group for approval to
move forward, (6) use value analysis to analyze constraints and areas of concerns and to find and
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resolve value mismatches, and (7) inform, communicate, and collaborate with other cluster
groups and IPD team regarding issues, constraints, and areas of concerns.

Table 4.2 Weekly TVD activities

Weekday Activities

Tuesday - Update cost at TVD meeting

- Cluster group meetings: Designing and budgeting

Wednesday - Ongoing TVD cluster group collaboration

- Core Team meeting

Thursday - IPD Last Planner™ meeting
- Ongoing TVD cluster group collaboration

- Design and information release to Buzzaw

Friday - Design and ongoing collaboration

Monday - Design and ongoing collaboration

- Update estimate at the end of the day

A cluster group leader is responsible for: (1) initiating A3 reports, cost trends, schedule
impacts, etc. as necessary to push progress towards project goals, (2) communicating
information, findings, requests, constraints, and concerns to the IPD team, (3) identifying the
need and the opportunities to negotiate budgets between cluster groups, and (4) reporting
progress, issues, and recommendations in the weekly TVD meeting.

Designers and trade partners release their updated designs by posting them on Autodesk
Buzzaw (Autodesk 2010a) every Thursday. Autodesk Buzzsaw is a secure, online collaboration
project management service provided by Autodesk that allows team members to store, manage,
and share BIM models and drawings from any internet connection. Each IPD team member has
its own Autodesk Buzzsaw account.

Continuous value analysis and cost updating takes place within cluster groups in order to
monitor estimated costs against Target Costs (Validation Study Report 2007). For components or
systems that pose potential challenges to fabrication, logistics, or installation, the team needs to
organize design and construction coordination meetings to address supply chain issues and
identify the most preferred integration of product- and process design alternative that meet
specified value targets.

Figure 4.2 shows the progress of the gap to Target Cost at CHH. At the start of the Design
Development phase on September 2007, the Target Cost for CHH was set about 13% below
market. During the two years and three months of design (from September 2007 to December
2009), the team reduced its estimate by $106 million. By December 2009, the construction
estimate was about $13 million below Target Cost as shown in figure 4.2. Recently, in an
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attempt to find a budget for added value items, a new Target Cost was further established at $70
million below the original Target Cost with gain-sharing provisions.

$100,000,000
$90,000,000 -
$80,000,000 <

$70,000,000
$60,000,000

$50,000,000
540,000,000 «
$30,000,000 <
$20,000,000 <
$10,000,000 -

30 -
($10,000,000)
($20,000,000) «
($30,000,000)
($40,000,000) 4
(850,000,000) 4

() 93,569,568
[ 585,548,568

() 577 TES 58T
L0 $69.837.746

7,648, 965) $59.928.671
¥ (855,300,574

Target Cost for Construction (normalized for changes in scope)

($13,132,144)

($60,000,000) 4
($70,000,000)
($80,000,000) «
& SOOI @@@@@@@@@@@@@
& @”ﬁ & eﬁﬂ)eﬁ*’@& @} @'” Q’@@ P F TP P

4.3 CUR

= TC for Construction (Normalized) —===O===\farance to Target Cost

Figure 4.2 Progress of the gap to Target Cost at CHH

RENT PRACTICE OF COST MODELING TO INFORM TVD AT CHH

4.3.1 CoST MODELING TO INFORM TVD AT CHH

Figure 4.

3 presents the cost modeling process during the Design Development phase at CHH.

Cost feedback

. 3D Models Model-b.ased Bill .0 f Estimating Cost Estimates
Designs — Quantity Quantities S
oftware
Take-off
%\ | e |
Manual/Screen Historical
2D Drawings Quantity Estimator’s
> Cost
Take-off Judgment
\/\ Database

Figure 4.3 Cost modeling process during the Design Development phase at CHH

Cluster leaders were responsible for assembling cost updates for their clusters. For each
update, cluster leaders requested cost estimates from trade partners and suppliers according to
their most recent design. Cluster leaders then checked the scope of work, quantities, and unit
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costs submitted by trade partners and aggregated them to cluster cost updates to inform TVD. In
general, cluster leaders trust trade partners with their estimates.

The IPD team desired frequent cost updates, such as on a weekly basis. Some clusters
actually tried to oblige in the early Design Development phase, however, that took away a lot of
time from trade partners and cluster leaders to track quantity changes and assemble cost updates.
The IPD team then decided to request cost updates from clusters on a staggered basis: two or
three clusters provide cost updates in one month and other two or three groups report out the
month after. As a result, it often took from one to two months for one cluster group to report out
their cost updates during the Design Development phase.

During Design Development, the IPD team performed most of the design work using 3D
modeling applications such as Autodesk Revit and 3D CAD. However, only Herrick Steel
established a model-based quantity take-off process to extract material quantities from their
structural steel model. Other trade partners extracted 2D drawings from 3D models to perform
manual or on-screen quantity take-off. A cost estimate of a component was calculated by
multiplying its material quantity and its composite unit cost. Once having a bill of quantities, an
estimate was calculated from the summation of the quantities multiplied by the corresponding
unit costs as is done in ‘traditional’ detailed estimating. To adjust their baseline unit cost, they
relied on their understanding of the project and their own experience to add to or subtract a
certain percentage from a baseline. This way, estimators at CHH used a conventional method to
estimate cost, using product quantities and historical cost data. Although these cost data contain
specific trades’ means and methods and thus are more accurate than commercial cost data such
as RSMeans (RSMeans 2010) would be, it does contain inefficiencies and wastes from previous
project such as trade interference, location conflict, productivity loss, excessive logistics and site
handling cost as pointed out in section 3.3.2.6 in Chapter 3.

Besides, estimators may add a layer of contingency on top of the historical cost data. As
mentioned by an estimator working at the CHH project “the number provided by trade partners
may contain ‘fat’, people may put in a contingency for parking, waiting for the man lift and
crane, and for other things they have to assume.” However, as discussed in section 4.3.2, this
“fat” may be minimized by taking advantage of the cross-functional collaboration opportunity
offered by the IPD approach. Table 4.3 illustrates an example cost estimate using quantities and
composite unit cost at CHH. The estimated unit costs often included all cost incurred from
purchasing material to finishing installation. Costs related to storage, transportation, and site
handling were not explicitly accounted for in the estimate. Cost estimators estimated unit costs
using previous projects’ cost data and quotes from subcontractors and suppliers as a baseline
cost.

Table 4.3 Example cost estimate using quantities and unit costs at CHH

CODE Description | Quantity | Unit |  UnitCost |  Extension
09 30 00 Ceramic, Quarry & Stone Tile
Stone Tile Panel 1,982 sf $58.00 $114,956
Ceramic Tile Flooring 69,000 sf $20.00 $1,380,000
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Herrick Steel delivered the only example of the successful use of model-based quantity take-
off to reduce its cost estimate lead time. Originally, it took Herrick Steel two and a half weeks
with eighty man-hours to manually perform quantity take-off for the entire CHH structural steel
system. After putting model-based quantity take-off system in place, it took only four man-hours
to perform both the quantity take-off and the cost update. To achieve this, a Herrick Steel’s cost
estimator worked with a Degenkolb’s Autodesk Revit modeler to create built-in material
schedules in Autodesk Revit Structure 2009 so that when exporting these material schedules to
Microsoft Excel, the format would match that of Herrick’s cost estimating standard. As a result,
when Degenkolb updated its design model weekly on Thursday afternoon, Herrick could extract
updated quantities to its standard cost estimating spreadsheet, check, and then provide a cost
update for the structural steel system to the TVD team.

4.3.2 FINDINGS ABOUT COST MODELING AT CHH AND DIRECTIONS FOR A PROCESS-BASED
CoSsT MODELING METHOD

The TVD environment at CHH offered design phase opportunities including: (1) Collocation and
collaboration of the IPD team, (2) Set-Based Design resulted in multiple design alternatives,

(3) Frequent sharing of incomplete information, (4) Simultaneous design of product and process,
(5) 3D Design/Modeling and digital prototyping, and (6) Specialty contractor and supplier
participating in the design process.

The application of TVD often results in multiple design alternatives with not only different
product cost and process cost but also different product features. As pointed out in Chapters 1
and 3, traditional cost modeling methods are insufficient to perform trade-off analysis between
multiple alternatives of product- and process design especially as needed to support TVD. This
raised a need for an alternative cost modeling method, which must be able to specify: (1) cost
changes due to changes in product design (i.e., changes in materials, shapes, or dimensions), and
(2) cost changes due to changes in process design (i.e., changes in sequencing, logistics, or
construction processes).

CHH?’s current cost estimating practice applied during Design Development has not taken
full advantage of the TVD environment. Most cost estimators from trade partners work remotely
in their own company office and have little access to information from coordination meetings,
logistics planning, and production planning. As a result, they may make assumptions on
information already available and estimate cost based on those assumptions. These assumptions
lead to ‘contingency’ built into the estimate to account for uncertainty. However, many of those
contingencies could be eliminated if estimators were made aware of the ongoing logistics
planning and production planning. Having cost estimators participate in key coordination
meetings would make their estimate ‘leaner’ (meaning less contingency/fat). In addition, the
coordination team could benefit from immediate cost advice in evaluating design alternatives
from cost estimators who join the meeting. It should be noted that estimators are often busy with
multiple projects at a time. Some estimators from trade partners at CHH indicated work pressure
at their home office was a major reason preventing them from attending meetings at CHH.
However, they also indicated that they spent about 30% to 70% of their time on taking off
quantities or checking BOQs submitted by others. That time could be significantly reduced by
taking advantage of BIM as will be mentioned later. In that case, estimators may have more time
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for more value adding activities such as helping project teams with value engineering or
attending and providing cost advice at design coordination meetings.

CHH?’s current cost estimating practice during Design Development has not completely taken
advantage of BIM. Except for the structural steel trade partner who managed to save two and a
half weeks in providing each cost estimate update by using a model-based quantity take-off
process as mentioned, other cost estimators perform quantity take-off using 2D drawings
extracted out of 3D models. By converting 3D model to 2D drawings, the design was represented
by multiple drawings such as plans and elevations, thereby increasing the likelihood of missing
or double counting individual elements of the design. In addition, quantity take-off on 2D
drawings was a time-consuming process, it took weeks for a cluster to complete updates on
quantities. Upon completion of updated BOQs, designs had changed and that meant the BOQ
and thus the cost estimate was out of date.

Key issues for not using model-based quantity take-off as identified from interviews with
trade partners were (1) 3D models were not configured to provide quantities that match the
estimator’s cost breakdown structure, and (2) cost estimators did not have tools or training
needed to perform model-based quantity take-off. However, these issues could be resolved by
providing training to cost estimators and having modelers and cost estimators work together to
ensure that quantity outputs from a 3D model are usable by cost estimators. This resolution
proved to work successfully when Degenkolb’s modeler collaborated with Herrick Steel’s
estimator, as described. Together with the VDC cluster group, | have been facilitating
collaboration between modelers and cost estimators, as well as preparing standard processes to
promote model-based quantity take-off at CHH. By the end of 2009, more trade partners had
successfully adopted model-based quantity take-off, including the exterior stone panel, exterior
metal panel, and door/frames/hardware trade partners.

By using historical cost data, cost estimators rely on data containing process inefficiencies
and wastes. If these wastes can be eliminated during data collection process and inefficiencies
are made explicit to estimators, cluster leaders, and the TVD team, the cost estimate may be
further compressed.

4.4 OVERVIEW OF PBCM FRAMEWORK

The PBCM method proposed in this research is not intended to replace traditional cost models.
While traditional models focus on the ‘what’ of cost, PBCM will focus on the ‘how’. PBCM is
intended to supplement traditional models by making process information explicit to designers
and cost planners. By linking a product model to cost data, PBCM may provide rapid cost
feedback to design and lessen the time required to assemble cost updates to inform TVD.

The purpose of PBCM is to support the selection of a design alternative during the Design
Development phase, thus the model needs to give a relative cost and this can be useful even
when it is approximate. To do this, as pointed out in Chapter 3, the cost model should be capable
of making both process-related cost and product cost explicit to designers when they are in the
process of analyzing design alternatives. Process-related cost may include cost of material
handling and transportation, site logistics, and site installation depending on the scope of
consideration.
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The best project environment in which to apply this cost model is in projects that use an IPD
approach, where key players from upstream to downstream of the project (such as owners,
architects, engineers, the GC, specialty contractors, suppliers, and permitting agencies) are
members of the design team. In addition, this cost model can be used in more traditional project
delivery systems with integrated approaches such as DB, Construction Manager at Risk, and
Multi-Prime with DB approach where their structures allow early involvement of constructors in
the design process. A design-assist approach used in combination with these project delivery
systems may further facilitate the participation of specialty contractors in design (Gil et al. 2000;
Gil et al. 2001). Since such early involvement is limited when using DBB as the project delivery
model, a PBCM has few opportunities for effective application in DBB. However, the owner in a
DBB contract may allow early involvement of contractors during design, but in order to avoid
the conflict of interest in bidding those contractors are often excluded from the owner’s bidding
list. Although those contractors may provide process- and cost advice to designers and they may
help in estimating product and process cost, their cost estimates may not be reliable since the
contractors who are actually selected to perform the work may use different means and methods
for construction.

Figure 4.4 presents key process steps of PBCM including three phases: (1) Capturing process
cost data; (2) Attaching cost data to an object family; and (3) Creating cost feedback to a design
team.
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4.4.1 CAPTURING PROCESS- AND COST DATA

This section presents two methods of collecting process- and cost data in two scenarios: (1) for
products that have standard process designs and (2) for products that require new process
designs.

PRODUCTS
_‘_‘_‘_‘_‘_‘_‘_‘_'_‘_‘———\_
Made to Crder Made fo Stock
MTO MTS
l
Engineered Fabricated to Assembled to
o Order Order Order
ETO FTO ATO
Product
Raw al \ > l delivered to
materials customer

Product Development Time
Figure 4.5 Types of products (Simplified from Tommelein et al. 2009)

With standard products or systems, it is possible for contractors to develop standard
processes for installation over time and collect process data. Made-to-Stock (MTS) and
Assembled to Order (ATO) products often fall in this category (Figure 4.5). Section 4.4.1.1
proposes a method to collect process data for standard products or systems.

In contrast, with products or systems with more unique designs, it may not be possible for
contractors to develop standard processes for installation. The use of Engineered to Order (ETO)
and Fabricated to Order (FTO) products often cause major changes of process design. As a
result, installation activities and their durations are varied when the contractor installs ETO or
FTO products that have different designs. Section 4.4.1.2 proposes a method to collect process
data for products or systems that vary significantly in process design or require new process
design.

Figure 4.6 illustrates steps for capturing process- and cost data in the two mentioned
scenarios.

4.4.1.1 Products that Have Standard Process Design
Step 1: Specify a product under study and define the process boundary:
1.a. Specify a product under study.

1.b. Determine the scope of process data to be collected: process data may cover only one
phase such as field installation or multiple phases such as pre-assembly, transportation,
material handling on site, and field installation.
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1.c. Identify responsible parties: parties who participate in design, fabrication,
transportation, and installation of the product.

/ Capturing Process Cost Data \
For standard process designs For new process designs
Identify product Identify product
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v
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Figure 4.6 Steps for capturing process- and cost data

Step 2: Map the process and identify cost drivers for each activity:

2.a. Conduct interviews with field personnel such as superintendents, project engineers,
and/or project managers to identify activities and their sequence.

2.b. Create a cross-functional process map, the level of detail in a process map is chosen to
fit the needs of the decision maker who will evaluate design alternatives.

2.c. Identify a cost driver for each activity. A cost driver is parameter that has a predominant
effect on the cost of activity, for example, the activity duration is often a cost driver for an
installation activity.
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Step 3: Capture process- and cost data.

3.a. Capture process- and cost data according to activities on the process map: Process data

may include activities’ names and descriptions, sequence, durations of activities, crew
composition, the number of man-hours to complete each activity, equipment utilization,
inventory space needs, and transportation distance. Process data can be collected by direct
observation of actual processes or by interviewing field personnel or by combining both
direct observation and interview methods. The technique for collecting data may include:
videotaping, time tracking, and having inputs from crew, superintendent, project engineer,
and project manager. Cost data may include material cost, crew cost, equipment cost,
inventory cost, and transportation cost. These cost data can be obtained from the project’s
accounting system or from the project’s records, such as purchasing receipts, time sheets,
equipment rental contracts, etc.

3.b. Identify process waste and remove it from process- and cost data

Step 4: Feed process- and cost data into a database, calculate cost of each activity, and allocate
activity cost to each product unit. Figure 4.7 depicts a sample in which different types of data
from a process map are input to a database.

Chapter 5 presents a case study to demonstrate the method of collecting process- and cost
data for standard products that have standard processes of installation.

4.4.1.2 Products that Require New Process Designs
Step 1: Identify product and process

Select products or systems that have a high installation cost, pose a challenge to site
logistics, require tight coordination between specialists, or contain process uncertainty.

Step 2: Assemble a cross-functional team

The cross-functional team should include the representatives of the designer or the engineer,
the GC, the fabricator or the supplier of the product or system, and the specialty contractors

who perform site installation work.

Step 3: Present 4D simulations of installation alternatives to the cross-functional team.

Obijectives of process visualization are to: (1) graphically display construction processes to

the team, (2) facilitate the coordination between designers, GC, suppliers, and specialty
contractors to integrate product- and process design, and (3) help the team develop a
common understanding of work conditions.

Step 4: Process Mapping

4.a. Define process boundary
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VDW Installation - Alternative 4
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Activity Process data  Process data Process data
Duration_hr Distance Labor  Steel_worker Equipment Description
1 unit/truck, 155 trips, bundling with
e afterh 1 1PTW PTW: Pneumatic Torque Wrench
3 wnits/truck, one truck, 52 trips
0.5 1PTW PTW: Pneumatic Targue Wrench
Unload VDW, bundle with girders, columns and 0.25 1 mobile crane
Pack and load on truck 0.25 522.50 2 1 mobile cranec 3 units/truck
Lift and bolt the combined component to columns 1 900 5900.00 3 1PTW Lift using tower crane, PTW: Pneums

Tables in a database

St Family type Description Material cost | Logistic Cost Installation cost Total unit cost

1 VDW 7'x9' Pre-holting Viscous Damping Wall 7’x9’ - Pre-bolti  $30,600.00 $727.02 $2,250.00 $33,577.00

2 VDW 7'x9' Inserting Viscous Damping Wall 7’x9’ - Inserting ~ $30,600.00 $799.92 $2,997.00 $34,397.00
\ 3 VDW 7'x9' Sequencing Viscous Damping Wall 7’x9" - Sequenci  $30,600.00 $749.60 $2,087.00 $33,447.00
4 VDW 7'x9' Pre-bolting with kitting Viscous Damping Wall 7’x9’ - Pre-bolti  $30,600.00 $869.92 $2,250.00 $33,720.00

5 VDW 7'x12' Pre-holting Viscous Damping Wall 7'x12’ - Pre-bol  $40,500.00 $727.02 $2,250.00 $43,477.02

6 VDW 7'x12' Inserting Viscous Damping Wall 7’x12’ - Insertin ~ 540,500.00 $799.92 $2,997.00 544,296.92

7 VDW 7'x12' Sequencing Viscous Damping Wall 7’x12' - Sequen $40,500.00 $749.60 $2,087.00 $43,346.60

8 VDW 7'x12' Pre-bolting with kitting  Viscous Damping Wall 7’x12' - Pre-bol  $40,500.00 $869.92 $2,250.00 $43,619.92

9 VDW 7'x10' Pre-bolting Viscous Damping Wall 7’x10’ - Pre-bol $34,100.00 $727.02 $2,250.00 $37,077.00

10 VDW 7'x10' Inserting Viscous Damping Wall 7’x10’ - Insertin ~ $34,100.00 $799.92 $2,997.00 $37,897.00
11 VDW 7'x10' Sequencing Viscous Damping Wall 7’x10’ - Sequen $34,100.00 $749.60 $2,087.00 $36,947.00
12 VDW 7'x10' Pre-bolting with kitting  Viscous Damping Wall 7/x10’ - Pre-bol  $34,100.00 $869.92 $2,250.00 $37,220.00

Figure 4.7 Data inputted from a process map to a database

4.b. Identify process steps that belong to each specialty and specify hand-offs between

specialties.
4.c. Map the process and it alternatives
For each design alternative, the cross-functional team provides data and knowledge to map

out fabrication, logistics, and installation processes using process mapping. Process maps
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serve as a platform for the team to provide input data such as activities, sequencing
alternatives, estimated duration of each step, estimated number of man-hours to complete
each step, equipment, inventory space needs, constraints and coordination requirements
from each party.

Step 5: Capture process data by getting input from the cross-functional team.

The GC, designers, trade partners, suppliers, and cost estimators provide data relating to
each activity in the process map such as distance, truck capacity, design quantities, crew
composition, activity duration, and estimated unit cost for each cost driver. Process cost is
calculated using process data and established rates for labor, equipment and materials.

Step 6: Feed process- and cost data into a database, calculate cost of each activity, and allocate
activity cost to each unit of product. Figure 4.7 depicts a sample in which different types of data,
collected from the process mapping session, are input to a database.

Chapter 6 and Appendix C demonstrate the method of calculating activity cost and allocating
activity cost to product unit in more detail. Chapter 7 demonstrates the mechanism to link
process- and cost data in a product model. Chapter 7 also presents a method to automatically
map data related to an activity (such as duration, crew composition, transportation distance, unit
cost, etc.) in a database to the corresponding activity on the process map. This data connection
creates an interface for users to access and edit the database.

4.4.2 ATTACHING PROCESS COST DATA TO OBJECT FAMILY

Figure 4.8 illustrates an example of linking three different family types of the VDW to process-
and cost data pertaining to four alternatives of installation. The product model contains object
families created by the architect, the engineer, or the specialty contractor. The process- and cost
database contains product and cost data collected for the project as described in section 4.4.1.
Each object family type, for example the VDW size 7°x9’, is linked to process- and cost data of
its four installation alternatives including (1) pre-bolting, (2) inserting, (3) sequencing, and (4)
pre-bolting with kitting. Chapter 7 demonstrates the mechanism of linking a product model to a
process cost database in more detail.
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Figure 4.8 Linking object family types of a product model to process cost data
4.4.3 PROVIDING COST FEEDBACK TO TVD

When the IPD team members consider a change in product (i.e., change object family types) or
change in process (i.e., change method of installation), they may swap a current object family in
the product model with another one in the model’s product library and select an alternative of
installation to see changes in final cost. If the team sees the need for modifying process- and
cost data, they could access the database to make adjustments. For example, team members may
adjust crew composition, activity durations, transportation distance, etc. according to conditions
of the current project. Since process- and cost data are linked to the object family, the team will
be instantly provided with related changes in both product cost and process cost. The linking of
data between product model and process cost model acts as an integrated product/process/cost
model that can provide quick cost feedback to designers. Chapter 7 demonstrates the mechanism
of providing cost feedback to design in more detail.
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CHAPTER 5. WINDOW CASE STUDY
5.1 INTRODUCTION AND CASE-STUDY OBJECTIVES

This chapter describes the processes of design, bidding, packaging, transportation, site handling,
and installation of the window system for a newly constructed residential complex located in San
Francisco, California. The objectives of this case study are to (1) analyze conventional practices
of designing, estimating, and installing a window system in order to identify process
inefficiencies and wastes, and to discuss how they may affect cost estimates of future projects;
(2) understand and quantify process waste; and (3) develop a method of collecting process data
that separates true cost and cost of waste. This case study is based on collaborative efforts
between Mr. Ahmad K. Sharif and | in the course of the class CE290N Lean Construction and
Supply Chain Management during the Spring 2007 semester. Professor Iris D. Tommelein was
the instructor of this course. At the time of conducting this case study, Sharif was a graduate
student at UC Berkeley in the Civil and Environmental Engineering department.

5.2 DATA COLLECTION

Sharif and | visited the construction site, videotaped the window installation process, and took
pictures of material handling locations. Then we conducted interviews with the window
installation workers, superintendents, and project manager to understand supply and installation
processes of the window system. We also conducted telephone interviews and exchanged emails
with the architect’s representative to learn about the design process, with the window fabricator’s
representative to learn about the fabrication process, and with the owner’s project manager to
understand material handling and site logistic issues. Towards the end of the study, we shared
process analysis and findings with the owner’s project managers and with the window
subcontractor to obtain their feedback.

5.3 PROJECT AND WINDOW SYSTEM
5.3.1 PROJECT BACKGROUND

Since the Developer of this project requested to remain anonymous, this residential project will
be referred as Project X. This project is a new construction of a 110-unit, seven-story residential
building in San Francisco using a Design - Build (D/B) project delivery approach. The building
structure was constructed of cast-in-place concrete with a Glass Fiber Reinforced Concrete
(GFRC) exterior skin. The estimated date of completion was set for December 2006. However,
due to project delays, the actual completion date was August 2007. Figure 5.1 presents a picture
taken from the southeast corner of the completed building and Figure 5.2 presents the plan view
of the fourth floor of the building.
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Figure 5.1 Picture of the residential complex (courtesy of the A/E)
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Figure 5.2 Floor plan of building (courtesy of the A/E)

For reasons of confidentiality, “Company A” and “Company B” are used to replace the real
names of the window fabricator and the window subcontractor, respectively.

Company A is a fabricator of architectural aluminum windows, curtain walls, and storefront
and entrance systems for commercial use. Currently, it is headquartered in a Midwestern state. It
has offices in other states and employs over 2,000 people. In this project, Company A trained
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and certified a number of employees of Company B, the window installation contractor, in order
to properly assemble and install windows.

Company B was responsible for installing the window system together with other
architectural glazing works for this project. Its headquarter and fabrication facility are in
California. Its contracts range from multi-million dollar commercial building construction to
several hundred-thousand dollar contracts involving tenant improvements. Company B had a
long time relationship with Company A. Company B felt confident with the quality of Company
A’s products since historically they passed the entire field mock-up test and the rate of damage
while transporting and handling had been very low. In addition to that, Company B could order
Company A to deliver windows directly from their fabrication shop to the construction site, thus
saved costs and planning efforts for window handling and storage. Company A also prepared all
necessary submittals and shop drawings to facilitate Company B in the bidding process. This
good relationship helped Company B win the glazing contract on this project by offering the
most competitive bid price among other glazing subcontractors. As a result, Company A’s heavy
commercial projected window system was chosen for the project.

5.3.2 WINDOW SYSTEM
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Figure 5.3 Dual glazing projected windows in Project X

The aluminum-framed double-glazing projected window system was specified by the A/E,
who had been hired by the Developer. Aluminum frames were selected because the projected
windows have a lower price in comparison to other types of products in the same category, such
as sliding or hung aluminum frame windows. While having an advantage of a lower price, this
window system was equal in quality, function, and value in terms of insulation, ventilation,
security, and aesthetics in comparison to other systems. In operation, projected windows may not
be as convenient as sliding or hung windows, but this drawback is minor and it makes almost no
adverse impact on the decision of home buyers as revealed by the Developer’s project manager.
In addition, the Developer has also used this type of window in previous developments and
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found no problem with it. The system had been found to be durable, as well as easy to maintain
and replace.

Figure 5.4 Bottom sill installed on the Glass Fiber Reinforced Concrete (GFRC)

Project X used 468 windows (including replacements for defect windows) with about 300
different types and variations. The variations were mostly in sizes, styles, hardware, and
operations (i.e., the directions of opening a panel). Windows inside were glazed with an extruded
aluminum, snap-in glazing bed. All windows were dual-glazing in 1/8" glass. Figure 5.3 shows
some dual-glazing projected windows on the west facade of the Project X. The building structure
was constructed of cast-in-place concrete with a GFRC exterior skin (Figure 5.4).

5.3.3 WINDOW SuPPLY CHAIN

Figure 5.5 illustrates a cross-functional diagram of the design, bidding, fabrication, delivery, and
installation processes of the window system. It shows the interaction between the project players,
namely the Developer, the Architect/Engineer (A/E), the General Contractor (GC), the window
fabricator (Company A), and the window subcontractor (Company B).

The A/E developed the window specifications based on the owner’s requirements and
characteristics of the Project X. The GC prepared the request for proposal and solicited bids from
window subcontractors. Company B was selected as a window subcontractor. Company B chose
Company A as the fabricator and supplier of the window system, and Company A prepared all
window shop drawings.

The GC used a traditional bidding practice to select subcontractors. The advertised bid for
glazing had a preliminary estimate of the cost it would take to procure and install the windows.
This estimate was done in-house based on the GC’s historical cost data. This set the mark for
other subcontractors to place their own bid price close to what the GC’s estimated price was for
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the purchase of the windows plus a 10 percent markup for profit. The contract was awarded on a
lump-sum basis to the lowest bidder, and therefore Company B was responsible for locating a
fabricator and then installing the window system.

Company B checked all shop drawings issued by Company A and then submitted them to the
GC. The GC reviewed shop drawings and then turned them over to the A/E for review. The A/E
then confirmed that they reflected design intent. When the shop drawings and all specifications
of these windows were found to be satisfactory, Company A purchased frames, glass, and
auxiliaries from different suppliers (i.e., PPG, Pilkington, and Viracon for glass products;
Kawneer, US Aluminum Corp, and Vistawall etc., for aluminum frames), and then windows
were assembled, stored in Company A’s warehouse, and shipped to the site. Next, Company B
coordinated the installation schedule with the GC and installed the windows.

The approval process required a 15-minutes rain mock up test where 8 pound/square-foot of
water pressure was used to test the waterproofing capability of the window system. Once the
windows were installed in the building and installation work was approved by the GC, the
liability for the windows was then transferred to the Developer.

In order to offload the material from the truck on site, the truck was staged in a plot located
on the west side of the building site (Figure 5.6). The truck entered the staging site from the
north side of the building. The staging area was left vacant in order for trucks to have easy site
access.

13 truck loads were brought to the construction site with each truckload carried 35-40
windows. Company A brought a total of 468 windows included replacements for damaged
windows or windows with wrong dimensions. Each truck load took approximately three to four
days to arrive from Company A’s fabrication shop to the job site. The windows were placed on
wooden pallets to avoid damage and breakage. As per the written contract between the window
subcontractor, Company B, and the window fabricator, Company A, it was agreed that Company
A would bundle the window panes as specified in the window installation schedule which started
from the first floor and went up to the seventh floor. Company B requested direct shipment from
Company A to project site.

Although the windows were correctly labeled at the time of delivery, they were not bundled
and organized accordingly. Many windows belonging to different work areas, i.e., different
floors, were bundled and transported together. There were also several occurrences of
mismatching, for example, window panes belonging to different window frames were packed
together. Since it was necessary to unload the windows off the truck in a timely and organized
fashion and deliver them to scheduled installation locations, a foreman of Company B had to
devise a check list to overcome the unorganized bundling and mismatching of the window panes.
His main goal was to place each window on the floor specified and then place each window as
close as possible to its corresponding location without them getting in the way of the other trades
working on those floors. According to the Company B’s foreman, this description explains the
extra steps of unloading and stocking up the windows, which took 1,220 man-hours to complete
while he thought it would take less than 600 man-hours if windows were properly bundled.
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Figure 5.6 Staging area located on the west side of the building

5.3.4 WINDOW INSTALLATION

A windowe-installation crew included one foreman and one journey man. They first installed each
aluminum window frame into its wall opening and took approximately two hours to do so. The
crew then installed the window panes in each the frame and took about one hour to do so.

Detailed steps for the window installation process are as follows:

e Install sub-sill

e Install sub-jambs

e Install sub-head

e Alcohol wipe end dams

e Alcohol wipe all screw heads

e Dry wipe

e Apply primer

e Caulk end dams at sills and head of compensation channels
e Caulk all screw heads

e Apply ramp seal over sill thermal break

e Apply interior and exterior bedding at sill

e Apply exterior bedding bead at head and jambs
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Check window joinery seals at sills and reseal or repair joinery if required
Alcohol wipe face and sills of windows

Install male leg of window frame

Install male leg of window and install female leg of window

Install drive gasket at sill and caulk sill’s full width

Caulk over sill pressure gasket

Install compensation jamb retainer

Install compensation head retainer

Clean off caulking drip at interior

Check all joints for required seals

Company B’s only major equipment was a man lift, which they rented (Figure 5.7). Since the
operation of a man lift does not require much space, the man lift could be easily maneuvered
around the perimeter of the building. Figure 5.8 shows some hand tools used by the window
installation crew.

Figure 5.7 Equipment used by Company B

57



Figure 5.8 Hand tools for window installation
(1) Bolt Gun, (2) Caulking gun, (3) Glass lift handle.

5.4 PROCESS MAPPING, INTERVIEWS, AND PROCESS SIMULATION

Sharif and | used process mapping with a time analysis technique to identify process
inefficiencies. Next, | conducted interviews to validate findings as well as to identify areas
containing process waste. | then used Discrete-Event Simulation (DES) to simulate the targeted
process to quantify waste, and adjusted the simulated process according to lean production
principles in order to quantify potential savings.

5.4.1 PROCESS MAPPING

Figure 5.9 illustrates the process map of the window supply chain with measurements of each
activity’s duration as well as the number of man-hours spent on each activity. The process map
illustrates processes implemented by different parties. The process started when the GC issued a
Request for Proposal to choose a window subcontractor and ended when the subcontractor had
installed all windows. The whole process took about 21 months to complete. The process map
covers the design, subcontractor selection, material procurement, fabrication, storage,
transportation, and installation of windows. The average durations for completing each activity
and the number of man-hours spent on each activity were collected based on interviews with the
GC, the A/E, and the window subcontractor.

As illustrated in the process map, all shop drawings issued by Company A were checked by
Company B and then submitted to the GC. The GC reviewed shop drawings and then turned
them over to the A/E for review. A window consultant of the A/E checked the submittals for
approval. When the shop drawings and all specifications of these windows were approved,
Company A purchased frames, glass, and auxiliaries from suppliers. Company A then held
purchased materials in its warehouse, where it assembled the windows, stored them in inventory,
and delivered them to the job site for installation.
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Using this process map and a time analysis technique to analyze the whole delivery and
installation process, inefficiencies were made explicit. The whole process took about 21 months.
The total processing time (i.e., the time that the thing is being worked on) took only 28 percent
of the period while total queue time (i.e., inventory and transportation time) took 72 percent of
the period. The GC started selecting a window subcontractor after finishing the design. It took 10
- 12 weeks to select a subcontractor. Then the review, approval, and revision processes took
about 7 - 10 week to complete. As demanded by the GC, Company B required Company A to
procure and process materials and then to assemble windows way in advanced of the site
installation. As a result, Company A had to inventory materials (aluminum, glass, and
auxiliaries) and completed windows for a long time before they could transport them to the site
(about 12 weeks for materials and 14 weeks for windows). This practice was to ensure the
availability of windows once the installation started and to avoid fluctuation of material prices.
However, it certainly increased inventory cost per window unit, increased cycle time, and
increased the possibility of damage due to improper handling or lack of protection. In addition,
the cost of capital frozen in idle material also increased the final cost of windows.

The line of balance chart in Figure 5.10 illustrates the actual timeline of the window supply
chain as presented in the process map (Figure 5.9). This chart reveals time buffers between
material order and window assembly, and between window assembly and site installation.

Inventories

=
o
3
>

% complete

Figure 5.10 Line of balance chart of the window supply chain (Nguyen and Ahmad 2007)

5.4.2 INTERVIEWS

Interviews with the GC’s project manager as well as with Company B’s procurement manager,
superintendent, and workers have revealed the following inefficiencies of the window supply
chain:

e The A/E had specified an unusual number of window variations (over 300 different types
of windows in a 110-unit residential development, many with only minor differences
such as variations in size or the way a panel is opened). However, according to the
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window subcontractor, about half of the number of variations could have been
eliminated without any significant impact to either functionality or aesthetics of the
project.

e Cost overrun in window manufacturing due to the high level of customization in
windows design. According to the window fabricator, the cost for the window system of
this project could have been reduced significantly if unification in window design were
achieved. This remark is in line with Tommelein’s (2006) observation from pipe spool
simulation experiments that standardization could improve production system
performance and reduce the likelihood of mismatches.

e Windows were sometimes stacked on site at the wrong location, i.e., not near the wall
opening where they should be installed. This error was due to workers” wrong
interpretation of window types and locations and the specification thereof in project
documents (e.g., drawings).

e Information regarding design changes was not often being communicated to the window
fabricator in a timely manner. For example, due to some changes in the dimensions of
some wall openings at least 5 windows did not fit their dedicated openings. In each case,
the problem was recognized only after installation workers failed to put the window in.
All these dimensionally wrong windows were discarded and the window subcontractor
ordered new replacement windows, resulting in rework in fabrication, transportation, and
installation, as well as physical waste products. This error originated from poor
coordination between the A/E, the subcontractor, and the manufacturer.

e The long inventory period both in the fabricator’s warehouse and on site caused higher
storage cost and sometimes product damages.

e Deliveries from the fabrication facility to the construction site were not according to
plan. For example, windows of different floors were packed and delivered together. The
reason was that the fabricator optimized their productivity by grouping similar types of
windows to fabricate in batches and then delivered windows in the order of fabrication.
Arbulu et al. (2002) pointed out the effect of batch size on a supply chain’s lead time: the
bigger the batch size, the longer the lead time of the process overall. The local
optimization in the fabricator’s shop seriously affected the whole supply chain since the
installation workers did not have the windows they needed when they needed them.
Instead of installing windows according to the scheduled location, the window
subcontractor had to plan their installation sequence according to the availability of
delivered windows. That caused workspace conflict with the drywall subcontractor and
the GFRC subcontractor in many locations. In addition, just the task of material handling
at the job site alone took Company B about 1,220 man hours, as they had to unload
trucks, sort windows, and place them in the correct installation position. This was so
costly that Company B had to back charge the manufacturer 550 man-hours for their
improper packaging practice.

As the accumulated result of all these inefficiencies, window installation was four months
behind schedule. The installation was supposed to be finished by December 10, 2006 but it was
actually finished at the end of April 2007.
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Applying production system design principles of the LPDS™, Sharif and | provided the
following recommendations to the various parties:

First, focusing on delivery (the pull of the customer, in this case) and handling of materials,
windows of each floor should be packed together and delivered according to their sequence of
installation on site. This would eliminate the sorting activity, eliminate the need for temporary
site storage, and significantly reduce the duration of site distribution.

Second, focusing on window fabrication, that activity can be delayed and performed in
parallel to site installation to take advantage of Just-In-Time principles, i.e., windows are
assembled only shortly before when they are needed on site so that inventory in the fabrication
shop and on site can be minimal. Company B should establish a feedback link from the
construction site to inform Company A about product deficiencies, dimensions, tolerances,
location, and quantities so that Company A could adjust the assembly line in a timely manner to
match site demands.

Third, focusing on the design of the window system, the A/E should reduce the number of
variations in windows. Standardization of window designs can significantly reduce the cost of
design, assembly, and installation. This standardization also reduces potential for manufacturer’s
mistakes in packaging and delivering, which led to matching problems. Furthermore, better
coordination of different trade contractors would reduce interruptions of the window installation
activity.

Strategically, focusing on contractual relationships, the Developer could establish a multi-
project partnership with members of the window supply chain including aluminum, glass and
auxiliary parts suppliers, the window fabricator and the window subcontractor. This strategy
might not work in all cases but could be feasible in this case as the Developer is a big developer,
with a portfolio of ongoing projects. The partnership can eliminate the long lead time for
selecting a subcontractor and the supply chain could choose to hold key materials (such as
aluminum) upstream to avoid big time buffers and material inventories in the fabricator’s
warehouse. Besides, the GC, the A/E, the window subcontractor, and the window fabricator
could work collaboratively to produce shop drawings and eliminate the lengthy iterative
processes of reviewing, revising, and approving.

We summarized responses from the project’s participants on the above recommendations as
follows:

The GC’s project manager and the window subcontractor’s superintendent agreed that waste
related to delivery and handling of materials was significant and apparent, and better
coordination between the window fabricator and the window subcontractor could have
eliminated at least some of that waste.

Company B’s representative agreed that having a feedback link from the construction site to
the fabrication shop would make it easier for them to adjust product tolerances and to have a
better chance of avoiding product deficiencies in multiple products. However, according to
Company B, matching the rate of window assembly at the fabrication shop with that of window
installation on site may not be possible when using a “‘typical’ fabricator such as Company A. At
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any given time, Company A may have dozens of projects in their backlog, all of which
essentially custom-built projects. Knowing their own production capacity, Company A typically
inserts projects into a production slot in their schedule on a first-come first-served basis. They
generally do not designate a portion of their production resources to any given project for

the duration of that project in the field. This would require the upstream suppliers (such as the
glass supplier) to respond in a similar manner, imposing upon them the same constraints as the
window fabricator. This problem is typical in fragmented construction supply chains where sub-
optimizations prevail. The problem can be alleviated to some degree once supply chain
integration, continuous flow production and just-in-time with pull mechanism are fully applied.

Regarding the recommendation of arranging the GC, the A/E, the window subcontractor and
the fabricator to work collaboratively in producing shop drawings. Company B’s representative
agreed that such collaboration could prove to be an excellent idea on a larger project. However, it
would require a very early decision on the part of the GC regarding subcontractor selection. It
would also require the budget for a given scope of work to be clearly defined, and defined
early in the process. This would avoid the time-wasting exercise of value engineering and the
cost of design and re-design that accompanies it. Company B’s representative suggested that the
GC should also anticipate paying the subcontractor for the time and resources spent while
collaborating in the design process. It might even be worth considering extending the
collaboration to include the subcontractor in a financial/partnering role in the actual
development. In addition, Company B emphasized that unless the Developer was to standardize
the window and glass specifications, and to award all of the projects in a given portfolio to the
same subcontractor, it is doubtful that any cost savings could be realized through partnering or
volume purchasing.

5.4.3 PROCESS SIMULATION

The results of process analysis and interviews show that activities of window transportation, site
logistics, and window installation appeared to contain a significant amount of waste. Thus these
processes were selected for further analysis using process mapping in more detail and DES to
demonstrate a method of identifying and removing process waste for benchmarking future
process cost estimates.

5.4.3.1 Process Description

Transportation: Company sent a total of 13 truckloads of widows to the job. Each truck had
the capacity to load around 36 windows, give or take a few windows.

Site logistics: When a truck arrived at the site, six workers unloaded the truck. Company B
ordered windows according to their installation schedule and expected windows to come when
they were needed, where they were needed, but Company A failed to match this request.
Windows were shipped in a random manner and an individual truck contained windows for
different floors of the building. For that reason, material handling included unloading windows
from the truck, unpacking windows, sorting them according to floor and work area, and
distributing sorted windows to their designated installation location.
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Installation: Each window installation crew comprised two glazing workers. Due to the
nature of window installation and the weight of windows, at least two workers were needed to
handle and install each window. Company B mobilized three crews, totaling six workers, for this
job.

5.4.3.2 lllustration of Activities

Figure 5.12 Windows distributed to their installation area
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Figure 5.13 Window opening cleared for installation

Figure 5.14 Plastic spacers placed behind the aluminum frame to adjust and space the gap
between the uneven concrete and the aluminum frame
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Figure 5.16 Worker smoothing the silicon paste to remove possible air bubbles
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Figure 5.18 Two workers lifting a window pane and placing it on the frame
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Looking at the site logistics and site installation processes. As mentioned earlier, since it was
necessary to unload the windows off the truck and move them to the room in which they would
be installed, the window subcontractor had to implement extra steps to overcome the random
packaging and the mismatching of the window panes. Those steps were: (1) unloaded window
packages to a temporary storage area on site, (2) unpacked and sorted windows to group them
according to designated floors, (3) distributed windows to their corresponding rooms.

5.4.3.3 Discrete-Event Simulation Model

Sharif and | developed an EZStrobe®© (Martinez 1996) DES model to simulate the current state
of the window installation process (Figure 5.19). The model simulates the activities of workers
and the flow of materials from window transportation to the complete installation of about 468
windows. This model has five main activities, including transportation, unloading windows on
site, unpacking and sorting windows, distributing windows to their corresponding floors, and site
installation of windows.

Simulated activities:
Transport: Windows are transported to the site in 13 truck loads.
Unload: Workers unload window packages to a temporary storage area on site.

Unpack_Sort: Workers unpack and sort windows to group them according to designated
floors.

Distribute: Workers distribute each window to its designated location. The fork was used to
reflect the randomness of this distribution activity.

Install_(1-7): Workers install frames and windows into wall openings in floors from 1% to 7"
according to installation schedule. Works were prioritized in the following floor orders: 1%
and 2" then 3" and 4™, then 5™ and 6™, and finally 7".

We collected the duration of each activity based on interviews with the window
subcontractor’s superintendent and by direct observation. When the simulation runs, upon the
completion of one task the next task is activated and the simulation keeps track of the time taken
for resources utilized for that task.

Figure 5.20 demonstrates the simulation model of an improved window installation process
with an assumption that windows are packed and delivered according to floors. In addition, it is
assumed that windows are delivered on a just-in-time basis, when the installation of the windows
delivered by the previous truck load is finished, to eliminate the need for temporary storage and
to avoid work interruption. In this manner, workers would only need to (1) unload window
packages and (2) distribute windows to their designated locations. In this revised process the
unpacking and sorting activities were eliminated and there is no need to arrange windows in a
temporary storage area.

Simulated activities:
Transport: Windows are transported to the site in 13 truck loads.

Unload: Workers unload window packages from the truck.
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Distribute: Workers distribute windows to their designated location.

Install: Workers install frames and windows into wall openings in floors from 1% to 7™
according to the installation schedule.
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5.4.3.4 Simulation Results and Process Cost Estimates

For the current state model presented in Figure 5.19, the result of 1,000 replications indicates a
total man-hour for unloading, unpacking, sorting and distributing processes has a mean of 1,231
man-hours with a standard deviation of 7.3 man-hours. The simulation result matches with the
data collected from an interview with the superintendent of the window subcontractor.

The outcome from 1,000 replications of the revised model reveals that a total man-hour for
unloading and distributing activities has a mean of 465 man-hours with a standard deviation of
1.63 man-hours. Results from the two simulation models reveal that a saving of 750 man-hours
(or $37,500 assuming a $50/man-hour rate) can be achieved in reducing waste in site logistics of
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windows unloading and distributing activities. Follow up discussions with the window
subcontractor on the simulation models’ results and the waste reduction opportunity revealed that
the results from the original model and the improved model were reasonable. Appendix B
presents detailed simulation results for both models.

If the designers of the window system had been provided with this process information, they
might have considered revising the product design solutions e.qg., reducing the number of
window variations. This change in product design would not only help reduce the cost of site
logistics, but also streamline the fabrication process on the fabricator’s side.

5.5 CASE-STUDY CONCLUSIONS AND LESSONS LEARNED

In this project, the estimate of the window system at the end of Design Development was used
for budgeting and for controlling the window-subcontractor selection process. After finishing the
Design Development phase, the Developer’s cost estimator estimated the cost of the window
system by counting the quantity of windows with the same type and multiplying that quantity
with a composite unit cost from the Developer’s internal cost database, which collected cost data
from the Developer’s completed residential projects. The composite unit cost was adjusted for
time and location. This actually overlooked the impacts of product variation on the cost of the
delivery- and installation process. Despite of the fact that inefficiencies and wastes prevailed in
the window supply chain, according to the Developer’s project manager, the final cost of this
window system was “within budget”. The reason may well be because this budget was inflated
by the waste embedded in the historical database. As revealed from the results of the two
simulation models, a waste of 750 man-hours (or $37,500 assuming a $50/man-hour rate) was
embedded in material handling cost alone. If not quantified and separated from the total window
installation cost, this waste would be included in a composite unit cost for window installation
and become historical cost data. As suggested by the conventional cost estimating practice, the
Developer may use the cost data of this window system as a benchmark to budget for a window
system in a new development. That way, the new budget would include process inefficiencies
and wastes such as the excessive labor and equipment cost for unpacking, sorting, and
distributing windows in this case study.

In this project, since subcontractors and suppliers were selected after finishing the Design
Development phase, the estimator had limited trade input to calculate process cost during design
and had to rely on historical cost data. Any process coordination or request for trade inputs could
be done only after bidding, when subcontractors and suppliers were on board. This transactional
type of contractual relationship hindered early coordination and thus prevented estimators from
providing a rational process cost estimate.

In this case study, the window fabricator and the window installation subcontractor could
‘see’ the waste in the material handling process. However, in conventional project delivery
systems, such as DBB or DB, no channel exists to communicate this information to the architect
or to the cost estimator. As shown in this case study, process mapping could help identify waste
and a baseline process could be created by removing waste from the current state process map.
This tool should be used to collect process data in order to separate real process cost and cost of
process waste. This classification will help estimators make more reliable estimates on process
costs and resource needs.
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With the participation of subcontractors during design, using process mapping to make
process cost explicit to the design team, process inefficiencies and wastes can be identified and
thus eliminated by adjusting the design solution. If the A/E of this window system had been
informed with the impacts of product variations as specified, they might have considered
revising the product design solutions, e.g., reducing the number of window variations. This
change in product design would help not only to reduce the cost of site logistics, as the
simulation results suggested, but also to streamline the fabrication process in the manufacturer

side.
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CHAPTER 6. VISCOUS DAMPING WALL CASE STUDY

This chapter presents a proof of concept case study by applying the proposed PBCM framework
to the process of estimating cost for the VDW system at the CHH project. The VDW system
present a challenge for logistics and field operations (as will be detailed later) thus the IPD team
at CHH wanted to further explore different schemes and solutions for their installation. The first
objective of this case study is to demonstrate how the PBCM method including 4D simulation
can assist cost estimating. The second objective is to demonstrate how CBA helps to make
decisions when considering both cost and non-cost factors (i.e., comparative advantages between
alternatives).

6.1 INTRODUCTION

Section 4.1 introduces the background of the CHH project. As described in section 4.2, to
implement the TVD process, the cross-functional teams (referred as clusters at CHH) of
designers and specialty contractors (referred as trade partners at CHH) structured meetings on a
weekly basis to coordinate the design of major building components and systems. Continuous
value analysis and cost updates took place within the clusters for monitoring estimated costs
against Target Costs. The installation of the VDW system requires coordination of multiple
specialists such as the structural engineer of record (SEOR), the VDW fabricator, a shipping
company, and the structural steel installer. The VDW was a new product to the integrated project
team and thus the team needed to examine alternatives for material handling and installation
processes.

6.2 VISCOUS DAMPING WALL

A VDW consists of an inner steel plate connected to an upper floor girder, a steel tank connected
to a lower floor girder, and a viscous fluid in the gap between them as shown in Figure 6.1.

During seismic excitation, the relative floor movement causes the inner steel plate to move
inside the viscous fluid. The damping force from the shearing action of the fluid is dependent on
the displacement and velocity of the relative motion. The VDW system is used to reduce seismic
accelerations and wind induced vibration in a structure. Although it has been widely used in
Japan, to my knowledge CHH is the first project in the United States to use a VDW system. The
VDW system was selected because it provides better performance when compared to a
conventional steel moment resisting system (Parrish et al. 2008). A VDW is connected to the
structural frame along the base and top of the VDW unit, distributing the seismic forces evenly
to the structure through a longer connection. The VDW system helps reduce the inter-story
lateral floor movements and seismic accelerations, thereby reducing the overall quantity of
structural steel required to resist such movements if using a conventional steel moment resisting
frame. At the time | started this case study on March 2009, the CHH’s structural design had 155
units of VDWs all of the same width of 7° but with three different heights of 9°, 10’, and 12’ to
match different floor to floor heights. Among 155 VDW units, there was 76 VDW 7°x9’ units,
79 VDW 7°x12’ units, and 0 (zero) VDW 7°x10’unit.

The VDW presented a challenge for logistics and field installation for reasons as follows:
(1) the delivery and installation of VDWs required coordination of multiple project participants
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as described in section 6.4.1, (2) members of the IPD team had no previous experience in
fabricating, transporting, and installing the VDW system, (3) as a seismic control device installed
in between upper and lower girders, the sequence of installing the VDW system affected the
sequence of installing the whole structural steel system, (4) CHH construction site was in
downtown San Francisco, surrounded with busy streets, and with very limited storage area on
site, (5) the large size and heavy weight of each VDW unit added risks to the installation process.
In order to optimize the integration of product- and process design, the IPD team wanted to
explore different schemes and solutions for VDW installation.

Fixed ata W=
girder above

_—

2 | \--— Inner plate
E = (Fixed at upper story)
55 _ e Viscous fluid
| “__External plate

(Fixed at lower story) _

Fixed ata
girder below

Figure 6.1 VDW composition (courtesy of DIS)
6.3 DATA COLLECTION

| participated as a member of the Virtual Design and Construction cluster at CHH over one year
to help establish a framework for introducing model-based process simulation and PBCM to
facilitate the design to target process. I collected data through observations, interviews, and
document analysis while participating in the implementation of the model-based process
simulation and PBCM experiments and helping to make adjustments to the experimental
processes.

6.4 CASE-STUDY IMPLEMENTATION
6.4.1 IDENTIFYING PRODUCT AND PROCESS

The VDW system presented a challenge for logistics and field operations thus the IPD team at
CHH wanted to further explore different schemes and solutions for its installation. The IPD team
decided to select the installation process of the VDW system to experiment the PBCM method.
The installation of the VDW system required coordination involving multiple trade partners,
such as the SEOR, the VDW fabricator, and the structural steel installation trade partner.
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6.4.2 ASSEMBLING A CROSS-FUNCTIONAL TEAM

Participants of the PBCM meeting included representatives of companies involved in the design,
fabrication, and installation of the VDW: Degenkolb Engineers (SEOR), Dynamic Isolation
Systems Inc. (DIS) (design and fabrication of VDWs), Herrick Steel, Inc. (fabrication and
installation of structural steel), Charles Pankow Builders, Ltd. (concrete works), and
HerreroBoldt (General Contractor).

6.4.3 PROCESS VISUALIZATION
6.4.3.1 Understanding Conventional VDW Installation Alternatives

The following descriptions and numbers in parentheses refer to Figure 6.2.

Figure 6.2 3D rendering of a VDW attached to structural steel

Captions: (1) and (2) columns; (3) lower girder; (4) upper girder; (5) VDW; (6) bottom and (7)
top T-shaped steel serving as a connector between girders and the VDW

At the DIS’ factory, the inner plate and the external plate of a VDW (Figure 6.1) are
temporarily attached so that the height of the VDW is shorter than the distance between the
surfaces of the T-shaped steels (6) and (7). The VDW is then filled with viscous fluid and
transported to a storage area. At the Herrick’s fabrication shop, the bottom (6) and the top (7) T-
shaped steels are welded to the lower (3) and the upper (4) girders, respectively. By researching
the installation of the VDW system in construction projects in Japan, the structural cluster
figured out three different installation alternatives, as summarized in Table 6.1
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Alternative 1: Pre-bolting

Once the lower girder (3), with the bottom T-shaped steel (6) welded on it, is in place on the
steel structure, the VDWs are shipped to the jobsite. An upper girder is slowly set down on the
top surface of a VDW unit and these are bolted together. The upper girder (4) and VDW unit (5)
are lifted up with a crane and attached to the T-shaped steel (6) on the lower girder (3). The
upper girder is temporarily fixed to columns. Since the inner plate and the external plate of the
VDW are temporarily combined with a clearance designed to be smaller than the actual
clearance needed to reach the surface of the lower girder, there will be a gap of about 1%%”
between the bottom of the VDW and the surface of the lower girder. As a result, there will be a
sufficient clearance between the bottom of VDW and the surface of the lower girder to install the
upper girder. It is then necessary to detach the inner plate and the external plate so that the
external plate lowers slowly under the resistance of the viscous fluid, which enables a precise

bolting of the external plate to the lower girder. DIS suggested using this method for the VDW
installation.

Figure 6.3 VDW installation on concrete structure using sequential installation method in Japan
(courtesy of DIS)
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Alternative 2: Inserting

After columns (1) and (2), lower girder (3), and upper girder (4) are in place, the VDW (5) is
inserted to the gap between the bottom (6) and the top (7) T-shaped steels and bolted to the
bottom T-shaped steel (6) on the lower girder (3). The inner and the external plates of the VDW
unit are then detached so that the inner plate can be lifted up gradually while it is bolted to the
top T-shaped steel (7) on the upper girder (4).

Alternative 3: Sequential installation

After columns (1) and (2) and the lower girder (3) are in place, the VDW (5) will be installed on
the bottom T-shaped steel (6) on the lower girder. Then the upper girder (4) will be erected. The
inner and external plates of the VDW unit are then detached so that the inner plate can be lifted
up gradually while it is bolted to the top T-shaped steel (7) on the upper girder (4).

Table 6.1 VDW installation alternatives

Alternative 1
Pre-bolting

Alternative 2
Inserting

Alternative 3
Sequential Installation

- Transport VDW from DIS to
construction site

- Transport columns and girders
from Herrick to construction site

- Erect columns (1) and (2)

- Bolt VDW (5) to upper girder (4)
on ground

- Lift and install the upper girder
(with VDW unit) to columns

- Detach inner plate and external
plate

- Bolt external plate to bottom T-
shaped steel (6) on lower girder (3)

- Transport VDW from DIS to
construction site

- Transport columns and girders
from Herrick to construction site
- Erect columns (1) and (2)

- Erect upper girder (4)

- Lift and insert VDW unit to the gap
between lower and upper girders
- Bolt VDW to lower girder (3)

- Detach inner plate and external
plate

- Bolt inner plate to top T-shaped
steel (7) on upper girder (4)

- Transport VDW from DIS to
construction site

- Transport columns and girders
from Herrick to construction site
- Erect columns (1) and (2)

- Lift and bolt the VDW (5) unit
on bottom T-shaped steel (6) on
lower girder (3)

- Erect upper girder (4)

- Detach inner plate and external
plate

- Bolt inner plate to top T-shaped
steel (7) on upper girder (4)

6.4.3.2 Acquire 3D Objects and Simulate VDW Installation Alternatives

Degenkolb (SEOR) used Autodesk Revit Structure 2009 to model the structural steel in 3D,
including the VDW. I then converted this Revit model to the Navisworks Manage 2009 file
format. 3D SketchUp 6.0 models of a tower crane and trucks were appended to the Navisworks
model to allow the simulation of transportation and site hoisting operations. | discussed with
representatives of the GC, the VWD fabricator, and the VDW installation contractor to
understand what they would want to see in the 4D simulation and created a story board (Figure
6.4) to plan for scenes, objects, and processes that should be captured in the simulation. Then, |
performed 4D simulations of the three installation alternatives using the Navisworks’ Animator
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and Timeliner tools. The Animator allows simulating and capturing movements of objects in 3D
space. The Timeliner allows 4D sequencing by connecting 3D objects to scheduling information
so that objects will appear according to scheduled activities. It took about 12 hours for me to
assemble 3D objects into a single 3D model and create 4D simulations of the three installation
alternatives for this study. Figure 6.4 summarizes the inputs and tools used to create a process
simulation using 3D product models.

The simulation shows the sequence of installation for all three mentioned alternatives. Truck
movement and tower crane operations are also simulated to motivate discussion on transportation
schedules and site logistics. Figure 6.5 presents a snapshot of the simulation.

" Revit models

Story board + trade inputs

Sketchup models \ Navisworks /

SHGC SEBLECF OINATLA TS
0

4D simulation

Figure 6.4 Inputs to 4D simulation

6.4.3.3 Present the 4D Simulations to a Cross-functional Team

4D simulations of the three installation alternatives were presented to the team. The simulations
triggered a discussion on detailed operations and constructability issues. Table 6.3 summarizes
key issues and questions raised by the team as well as solutions suggested. These are grouped in
five categories: constructability, fabrication, transportation, site logistics, and installation. As a
result of the discussion, the team came up with another alternative (alternative 4) which was
similar to alternative 1 but instead of shipping the VDWs directly from the fabrication shop
(DIS) to the site, they will be transported to the structural steel fabrication shop (Herrick) and
then loaded on the same truck with adjacent columns and girders to be transported to
construction site (Table 6.2). In addition, the team agreed to revise the design (i.e., revise
patterns of bolts and raise the height of the T-shaped steel). The design decision to increase the
T-shaped steel raised cost for Herrick due to additional material and fabrication work (estimated
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$200/unit). However, this change allow better tool accessibility and this would generate a saving
during site installation due to improved productivity. (Herrick estimated bolt tightening activities
could be up to 30% faster, assuming that the team use alternative 4 for installation, resulting in
saving of 30%*2hr*$900/hr = $540/unit). For the 155 VDW units, this decision alone resulted
in an estimated total saving of 155units*($540/unit - $200/unit) = $52,700.

Figure 6.5 Frame in the 4D simulation of the VDW installation alternative 1

Table 6.2 Alternative 4

Alternative 4

Pre-bolting with kitting

- Transport VDWs from DIS to Herrick to kite VDW with columns

- Transport VDWs and adjacent columns and girders to construction site
- Erect columns (1) and (2)

- Bolt VDW (5) to upper girder (4) on ground

- Lift and install the upper girder (with VDW unit) to columns

- Detach inner plate and external plate

- Bolt external plate to bottom T-shaped steel (6) on lower girder (3)
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Table 6.3 Discussion outcomes

Issues/questions

Suggestions/solutions

Category: Constructability

Large dimension and density of bolts may

prevent access for bolt tightening tools

T-shaped steel with 10” in depth allow tight

access for bolt tightening tools

Lost access to bolts after pouring concrete

Stiffeners under T-shaped steel may prevent

tool access

Some VDWs are close to walls of patient
bathrooms

Category: Site logistics

Two trucks, one with columns and girders

and one with VWDs may cause traffic
congestion on the street. Possible delay if
VDW truck fails to come in time

Multiple lifts of VDW in windy condition

Site constraints

Category: Transportation

How many VDWs per truck?

Must VDW be kept strictly vertical at all
time?

Duration of transportation from
manufacturing facility to site

Distance of transportation from DIS to
construction site

Category: Fabrication

Procuring of key materials

Material lead time

Production rate

Revise design to reduce diameter of bolts and/or reduce number
of bolts. Test new bolts pattern and diameter on a new mock up

Raise the height of T-shaped steel

Raise the height of T-shaped steel
Structural engineer to review positions of stiffeners. Consider
horizontal bolting.

Coordinate with Interior Cluster group to ensure access to bolts

May consider transporting VDW to Herrick shop and Herrick
will bundle and transport columns, girders, and a VDW
together on one truck to the site

May consider shipping VDW in rack and lift the whole rack to
installation area.

No storage area

Three for VDW size 7'x12', four for VDW sizes 7'x9" and 7'x10'
are these are smaller and lighter than the VDW 7'x12'

May swing up to 40 degree for a short time, keep vertical
during transportation

Four to five hours

220 miles from Reno fabrication facility to San Francisco

Viscous fluid imported from Japan and steel from US steel mill

DIS needs two months lead time from procuring materials to
start production

Three units per week
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Issues/questions

Suggestions/solutions

Storage capacity at DIS fabrication shop
VDW identification system
Shipping schedule

Category: Installation

Rate of installation

Installation schedule

Equipment for site installation
Labor

Impacts of different sizes of VDWs on
installation

Up to 155 VDW units
Use bar-chart 1D tag for each VDW

Three units/week. Max 10 units/week. Able to match
production rate to installation rate.

Three units/day for alternative 1
Up to ten units/day for alternative 3

Alternative 1: requires close coordination with structural
erection sequence.

Alternative 3: requires less coordination.
Tower crane, bolt tightening tools
crew of six workers

No significant impact

6.4.4 PROCESS MAPPING

Process Mapping is a management tool that can be used to understand how value is delivered; it
captures knowledge about processes and then represents that knowledge using generally
accepted signs such as boxes and arrows (Adams 2000). One benefit of process mapping is that it

shows coordination processes across organizations. A cross-functional process map has the

added advantage of representing hand-offs between trades (Damelio 1996). Therefore, the cross-
functional process mapping was selected to map major steps of design, fabrication,
transportation, and site installation of the VDW system.

The team determined that the process under study should include material handling, material
transportation, and site installation of the VDW system; and the boundary for the process

mapping exercise covered inventory at DIS, transportation, material handling on site, and site
installation. Starting from alternative 1, trade partners used Post-1t-Notes™ to identify process
steps that belong to their own trades. Then the team together determined the sequence of steps
and specified hand-offs between specialties. Figures 6.6, 6.7, 6.8, and 6.9 present the cross-

functional process maps of installation alternatives 1, 2, 3, and 4 respectively.
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VDW Installation - Alternative 1

Structural Steel Erector (Herrick)
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Figure 6.6 Cross-functional process map of installation alternative 1

VDW Installation - Alternative 2
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Figure 6.7 Cross-functional process map of installation alternative 2
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VDW Installation - Alternative 3
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Figure 6.8 Cross-functional process map of installation alternative 3

VDW Installation - Alternative 4
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Figure 6.9 Cross-functional process map of installation alternative 4
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6.4.5 PROCESS COST ESTIMATE
6.4.5.1 Identifying Activities for Estimating Process Cost

Almost all activities of the four alternatives contributed directly to the cost of delivering and
installing a VDW, except for the activity “Ship girders according to VDW delivery schedule” in
the alternative 1 (Figure 6.6), which was a ‘make ready’ activity to prepare for the next one “Bolt
VDW to upper girder on the ground.” Since the cost of shipping girders had been included in the
cost of structural steel erection, it was excluded from the process cost estimate for the VDW
system in Figure 6.10.

6.4.5.2 Identifying Cost Drivers

Table 6.4 lists cost parameters and cost drivers using for estimating and calculating process cost.
A cost driver is a cost parameter that has a predominant effect on the cost of activity, for
example an activity duration is often a cost driver for an installation activity.

Table 6.4 Cost parameters and cost drivers

Process Cost parameters Cost driver
Inventory space occupied, utilities, security sflyear
Transportation truck capacity, number of trips, and distance  trip

Material handling and installation activities  crew composition, equipment, and duration  hour/unit

6.4.5.3 Providing Cost Data and Calculating Total Process Cost

The GC, designers, trade partners, suppliers, and cost estimators provided estimates such as
distance, truck capacity, design quantities, crew composition, task duration, and estimated unit
cost for cost parameters and cost drivers. Figures 6.10, 6.11, 6.12 and 6.13 summarized input
data and results of process cost estimates for alternatives 1, 2, 3, and 4 consecutively. Appendix
C presents detail calculation of allocating activity cost to each product unit (cost/unit values). All
cost data presented in this case study has been multiplied by a factor to protect contractors’
private data.
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VDW Installation - Alternative 1

g A Equip.: 1 mobile crane
50 Pack and load crew: |2 laborer
ca on truck uration: | 0. r/unit
; 9 vew -Quantity: -155 -unlt t 2 o2
g N
smpvows | [ oy
© from DIS -
2 to CHH site L 2|6
. it Bolt VOW to i combined o deeignedt
B VDW delivering | ] uptr;er glrderdon component to torque after having
E . schedule € groun columns concrete slab poured.
% % (Allocated to steel erection cost) e : - e . o — ’ =
g == Crew: 3 Steel worker Crew: 3 Steel worker Crew: 3 Steel worker
‘g Duration: | 05 | hrfunit Duration: | 1 hr/unit Duration: | 1 hr/unit
&
PTW: Pneumatic Torque Wrench
Alternative 1 - Pre-bolting Quantity Costlunit Cost
Material
VDW size 7' x 9' 76 $30,600 $2,325,600
VDW size 7' x 12 79 $40,500 $3,199,500
Material cost $5,525,100
Activities
Store VDW at DIS 155 $0.00 $0
Pack and load on truck 155 $22.50 $3,488
Ship VDWs from DIS to site 155 $704.52 $109,200
Bolt VDW to upper girder on the ground 155 $450.00 $69,750
Lift and install the combined component to lower girder 155 $900.00 $139,500
Tighten all bolts on VDW to designed torque after
having concrete slab poured. 155 $900.00 $139,500
Process cost $461,438
Total cost alternative 1: $5,986,538

Figure 6.10 Process-Based Cost Model of alternative 1
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VDW Installation - Alternative 2

2 N\
= Store VDW at Pack and load
= vDW DIS facility on truck QU538 KM [iobicYcrane
-_‘E) Crew: 2 laborer
uﬂz m ‘ A o e ‘ Duration: | 0.25 | hr/unit
5 ‘ Duration |1 year ‘
g . Capacity: | 3-4 | unit/truck
8 Sff‘rll)pmvglvs\ls Distance: | 220 | mile
g to CHH site Trip: 45 | trip
§ Lift VDW from Insert and bolt VDW ighten all bolts on
: goumdznapece || untiotess | f Voo cesgne
g concrete slab poured upper girders torque
g Equip.: 1 PTW Equip.: 1 PTW Equip.: 1 PTW
% Crew: 3 Steel worker Crew: & Steel worker Crew: 8] Steel worker
§ Duration: | 0.33 | hr/unit Duration: | 2 hr/unit Duration: | 1 hr/unit
% PTW: Pneumatic Torque Wrench
Alternative 2 - Inserting Quantity Cost/unit Cost
Material
VDW size 7' x 9' 76 $30,600 $2,325,600
VDW size 7' x 12' 79 $40,500 $3,199,500
Material cost $5,525,100
Activities
Store VDW at DIS 155 $167.74 $26,000
Pack and load on truck 155 $22.50 $3,488
Ship VDWs from DIS to site 155 $609.68 $94,500
Lift VDW from ground and place it on floor on a roller
after having concrete slab poured 155 $297.00 $46,035
Insert and bolt VDW unit to the gap between lower
and upper girders 155 $1,800.00 $279,000
Tighten all bolts on VDW to designed torque. 155 $900.00 $139,500
Process cost $588,523
Total cost alternative 2: $6,113,623

Figure 6.11 Process-Based Cost Model of alternative 2
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VDW Installation - Alternative 3

3 A
S Store VDW at Pack and load : -
ks VDW DIS facility on truck Equip=i |5 mobilskcrane
E Crew: 2 laborer
g m ‘ e o e ‘ Duration: | 0.25 | hr/unit
g ‘ Duration |1 year ‘
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8 thlp VBIVSVS Distance: | 220 | mile
2 torg:H site LT 5|
s sovvowu| [T
5
§ Equip.: 1 PTW Equip.: 1 PTW Equip.: 1 PTW
% Crew: & Steel worker Crew: 3 Steel worker Crew: B8] Steel worker
§ Duration: | 0.33 | hr/unit Duration: | 1 hr/unit Duration: | 1 hr/unit
% PTW: Pneumatic Torque Wrench
Alternative 3 - Sequencing Quantity Cost/unit Cost
Material
VDW size 7' x 9' 76 $30,600 $2,325,600
VDW size 7' x 12' 79 $40,500 $3,199,500
Material cost $5,525,100
Activities
Store VDW at DIS 155 $117.42 $18,200
Pack and load on truck 155 $22.50 $3,488
Ship VDWs from DIS to site 155 $609.68 $94,500
Lift VDW from ground and place on lower girder 155 $297.00 $46,035
Bolt VDW unit to lower and upper girders 155 $900.00 $139,500
Tighten all bolts on VDW to designed torque after
having concrete slab poured. 155 $900.00 $139,500
Process cost $441,223
Total cost alternative 3: $5,966,323

Figure 6.12 Process-Based Cost Model of alternative 3
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VDW Installation - Alternative 4
% A Equip.: 1 mobile crane
g o Pack and load Crew: |2 laborer
sa VDW on truck Duration: | 0.25 | hr/unit
=°
S L [ ]
v | (o2
ey from DIS —
£ to Herrick shop U SZH e
&
< ]
Unload VDW, . Lift and bolt Tighten all bolts on
grrs s | ppergron b e | e
,_‘Q-J _ and Ioa;j on truck columns to site the ground columns concrete slab poured.
g -% Equip.: 1 mobile crane Capacity: | 5 unit/truck Equip.: 1 PTW Equip.: 1 PTW Equip.: 1 PTW
g < Crew: 2 laborer Distance: | 90 | mile Crew: 3 Steel worker Crew: 3 Steel worker Crew: 3 Steel worker
g Duration: | 0.25 | hr/unit Trip: 155 | trip Duration: | 0.5 hr/unit Duration: | 1 hr/unit Duration: | 1 hr/unit
&
PTW: Pneumatic Torque Wrench
Alternative 4 - Pre-bolting with kitting Quantity Cost/unit Cost
Material
VDW size 7' x 9' 76 $30,600 $2,325,600
VDW size 7' x 12' 79 $40,500 $3,199,500
Material cost $5,525,100
Activities
Pack and load on truck 155 $22.50 $3,488
Ship VDWs from DIS to Herrick shop 155 $637.42 $98,800
Unload VDW, bundle with girders, columns and load
on truck 155 $22.50 $3,488
Ship VDW, girders, and columns from Herrick to site 155 $187.50 $29,063
Bolt VDW to upper girder on the ground 155 $450.00 $69,750
Lift and bolt the combined component to columns 155 $900.00 $139,500
Tighten all bolts on VDW to designed torque after
having concrete slab poured. 155 $900.00 $139,500
Process cost $483,588
Total cost alternative 4: $6,008,688

Figure 6.13 Process-Based Cost Model of alternative 4
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6.4.6 MAKING DECISIONS USING CHOOSING BY ADVANTAGES (CBA)

The IPD team at CHH used the CBA Decisionmaking System (Suhr 1999) to make decisions.
The CBA system is based on several key principles including: “Decisions must be anchored to
the relevant facts” and “Decisions must be based on the importance of advantages” (Suhr 1999).
In the CBA terminology, a Factor is a container of information and data. It contains the criteria,
specific attributes of the alternatives and consequential advantages. A Criterion is a decision rule
or guideline established by the decision maker. A criterion can be expressed as a must
(mandatory) or a want (desirable). An Attribute is a characteristic, quality or consequence of one
alternative. An Advantage is a beneficial difference between two attributes (Koga 2008).

Given various factors that need to be considered in selecting an installation option, the cross-
functional team decided to use CBA to analyze advantages of the identified alternatives.
Assuring safety, reliability, and ease of installation were determined as factors containing ‘must’
criteria. Minimizing unnecessary transportation, movements, temporary storage, and waiting for
materials, equipment, and labors were determined as factors containing ‘want’ criteria. By the
time of writing of this dissertation, the CBA table has not been completed because the team
continues to gather data and it is not the last responsible moment for making this decision. The
last responsible moment for this decision is anticipated to occur when the steel erection plan gets
finalized in early 2010. Figure 6.14 presents CBA analysis results. When the importance of the
advantage, “Much more ease of installation” was weighed against the importance of the other
advantages, it was deemed to be the paramount advantage. It was placed at the top of the
importance scale in position 100. All other advantages were individually weighted by the team
on the same scale of importance relative to the paramount advantage and one another.
Alternative 2 was eliminated since it does not pass the must criterion on ‘ease of installation’.
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LEGEND Alternative 1 Alternative 2 Alternative 3 Alternative 4
Underline Least Preferred Attribute Pre-bolting Inserting Sequential installation Pre-bolting with kitting
Yellow cell = most important Advantage
in Factor
Blank = no advantage Circle =
Installation Cosf| $ 348,750 $ 464,535 $ 325,035 $ 348,%0
Storage cos| $ - $ 26,000 $ 18,200 $ -
Transportation cosf| $ 109,200 $ 94,500 $ 94,500 $ 131,350
TOTAY $ 457,950 $ 585,035 $ 437,735 $ 480,100
Factor: Interference Interferes with the Could install a large Could install a Interferes with
Criterion: Cause work stoppage/ structural steel batch of VDWs after batch of VDWs structural steel
interference/ productivity losses | installation activity. Steel finishing structural after finishing installation activity.
to related activities or other trade] workers and tower crane steel of one floor or structural steel of Steel workers and
partners. Less is better. need to shift between more one floor level tower crane need to
Attribute: | structural steel and VDW shift between structural
steel and VDW/
Advantage: {1 O[Much less 50|Less interference 41! 0
interference
Factor: Reliability This method is used Rarely used. This method is This method is used
Criterion: Assure reliability of the widely in Japan. Very Tolerance may be a used in Japan. widely in Japan. Very
method. More is better. good for handling problem. Tolerance may be good for handling
Attribute: a problem toleranct
Advantage:|Much more 90! OJMore reliability 72]Much more 90|
Factor: Coordination effort Tight coordination VDWs could arrive VDWs could arrive VDWs shipped to
between trades. needed between DIS after finishing after finishing Herrick fabrication shop
criterion: Reduce the coordination shigpi_ng comgan_ies_ and installation of installation of and then shipped to site|
effort required between trades. Herr_|ck for just-in-time structural steel on strugtural steel on a| with cqlumns and
Less is better. delivery of columns one or several levels portion of one level girders
Attribute:]  girders, and VDWs
Advantage: ! OJMuch less 65|Less coordination 55|Less coordination 55
coorwon
Factor: Street congestion Two trucks on street One truck at a time, One truck at a One truck on street
Criterion: Less is better. during installation unload quickly time, unload during installation
Attribute: guickly
Advantage:|! O[Much less 70]Much less 70Much less congestion 70
congestion congestion
Factor: Tower crane usage May need one lift for Could lift a rack Could lift a rack May need one lift for
Criteria: Reduce occupancy of every combined containing three to containing three to every combined
tower crane or other handling VDW-+upper girder four VDWs and four VDWSs and VDW-+upper girder
equipments. Less is better place it on structural place iton
Attribute: steel structural steel
Advantage: |1 O]Less crane usage 44]Less crane usage 44! 0
Factor: Temporary space No temporary space Need to temporarily | Need to temporarily, No temporary space
Criterion: Minimize temporary needed place VDWs on place VDWs on needed
space usage for VDW handling structural steel structural steel
and movement. Less is better.
Attribute:
Advantage:|Much less temporary 40]! o' OJMuch less temporary 40|
space space
Factor: Labor safety VDW and upper girder All connections All connections VDW and upper girder
Criterion: Assure safety for bolted on ground. performed on performed on bolted on ground.
workers. More is better. structural steel structural steel
Attribute:
Advantage:{Much more safe 60J! o[ O[Much more safe 60
Factor: Ease of installation The resistance of Given the large size Need to tighten up The resistance of the
Criterion: Ease for worker's viscous fluid allows and weight of upper bolts in a viscous fluid allows
operations and equipment external plate of the VDWs, the team has certain sequence external plate of the
operations during installation. VDW lowering down not figured out for the inner plate VDW to lower down
More is better slowly, which enables a exactly how the to raise up slowly, which enable a
Attribute:| precise installation of the VDW could be precise installation of
external plate on the inserted into the gap the external plate on
; between girders i
Advamagc Much more ease of ) 100]! 0|More ease of 75Much more ease of N, 100)
instgllation - installation installation ,>
o 290) 229 357] 415

Figure 6.14 Choosing By Advantages decision study
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When the CBA is used to consider alternatives having unequal costs, a bar chart is prepared
(Figure 6.15). The height of each bar represents the summed total importance of the advantages
of each alternative. Each bar is positioned to represent its cost using the x-axis like a number
line. The spacing must be correctly proportional to represent the situation thus the numbers along
the x-axis server as a scale to position each bar according to the cost of each alternative. The
CBA chart helps the decision maker to have a sensory-rich perception of the decision scenario
and consider the incremental differences.

500

Alt 4
415
Alt1

Alt 2
229

Total Importance of Advantages

[ A )

$430,000
$435,000
$440,000
$445,000 |
450,000 |
$455,000 |
$460,000 |
465,000 T
$470,000 |
$475,000 |
$480,000 |
$485,000 |
$490,000 |
$495,000 |
$500,000 |
405,000 |
$510,000 |
$515,000 |
$520,000 |
$525,000 |
$530,000 |
$635,000 |
$540,000 |
9545,000 |
480,000 |
455,000 |
$560,000 |
465,000 |
470,000
9575,000 |
$560,000 |
$585,000

Installation Cost Impact
Figure 6.15 Total importance of advantages relative to total cost

In this example, alternative 1 would be rejected since it is $30,000 more expensive but has 67
units of importance less than alternative 3, likewise alternative 2. Although alternative 4 costs
$52,000 more than alternative 3, it ranked highest, in terms of the total importance of
advantages, at 415. In addition, it is better than alternative 3 in all three ‘must’ criteria. The team
may decide to select alternative 4 to install the VDW system if they would together decide that
the total increment in the total importance of advantages outweighs the increment in cost, or
vice-versa.

6.5 CASE-STUDY CONCLUSIONS AND LESSONS LEARNED

Right from the Design Development phase, an integrated team of designers, engineers, and
specialty contractors could examine construction operations in a virtual environment to achieve a
common understanding of coordination, logistics, and construction/installation processes. Based
on that, they can bring their experience and ideas to investigate alternative ways of doing the
work or to suggest design changes to improve constructability. In addition, collaboration tools
such as process mapping and CBA helped the cross-functional team generate ideas,
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communicate design and construction knowledge, evaluate advantages and costs of each
alternative, and consider alternatives for Work Structuring.

Process mapping made the logistics and installation activities of the VDW system explicit to
the cross-functional team. Each trade partner understood the work of others as well any
coordination effort required for producing successful hand-offs.

The team approach to cost estimating, with the participation of people who will actually
perform the fabrication and installation work of the VDW system, provided quick and reliable
estimates of process data such as capacity, activities, duration, and resources. These data was
used to produce process cost estimates which helped evaluate saving as well as additional cost to
assist decision making.

CBA helped the team establish factors (representing target values) through selecting ‘must’
and ‘want’ criteria, and provided a sound method for evaluating alternatives according to those
targets. During the evaluation process, the team explicitly identified differences between
alternatives and recognized the importance of those differences.

The aim of TVD is not to minimize project cost but to maximize value generation while
remaining within the Target Cost. This effort may result in shifting costs from the site
installation process to product fabrication and logistics, or between trade partners. In this case
study, the design decision to increase the height of the T-shaped steel raised material and
fabrication cost but it allowed a net saving of $52,700 for the site installation of the VDW.

Alternative 4 offers the best value to the project since it ranked highest, in terms of total
importance of advantages, at 415. It meets ‘must’ criteria and allowed additional value such as
much more reliability, much less temporary space for material handling, much safer for
installation worker, and much more ease of site installation. In terms of cost, it costs about
$52,000 more than the lowest cost option, alternative 3. However, the saving of $52,700 in
installation cost allowed the team to pursue alternative 4 as it offset the cost difference of
$52,000 between alternative 4 and the lowest cost option. Overall, by working collaboratively,
using CBA, and by having immediate process cost feedback the team was able to come up with a
new alternative that brings the most value to the project at a cost equal to that of the lowest cost
option. The risk and profit sharing term and the collaborative working environment enabled by
the IFOA made this coordination effort possible.

This chapter introduces a proof of concept case study which applied the proposed PBCM
framework to support the process of design to target at CHH. The implementation of PBCM
facilitated the coordination between specialists, assisted look-ahead planning, integrated product-
and process design, and yielded reliable estimates of manpower and process-related cost. The
estimates were reliable since the people who actually perform the work provided input data for
estimates. By early coordination, the team eliminated major assumptions about work performed
by others as well as hand-offs received from or produced by others. In addition, contingencies
are not included in the cost estimate and they are identified and managed separately. In addition,
4D visualization, process mapping, and CBA were key collaboration tools to support the
implementation of the PBCM framework. As a result, the structural cluster team successfully
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coordinated companies across the VDW supply chain and incorporated their innovative ideas in
the evaluation of the VDW installation alternatives.
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CHAPTER 7. INTEGRATING PROCESS- AND COST DATAIN A
PRODUCT MODEL

This case study demonstrates a mechanism of linking a product model with process- and cost
data to provide rapid cost feedback to designers and to support model-based cost estimating
during the design process. The objectives of this case study are to (1) demonstrate the technical
feasibility of PBCM; (2) propose a method to connect BIM object family with process- and cost
data; (3) provide an interface for adjusting process- and cost data through process maps; and (4)
suggest a framework for establishing and utilizing process database.

7.1 INTRODUCTION

Autodesk Revit provides an Application Programming Interface (API) (Autodesk 2009b) that
allows users and external application developers to integrate their applications with it.
Programmed as an API, LeanEst works as an Add-In to an existing BIM tool, Autodesk Revit
Architecture 2010. | jointly developed LeanEst with Harmony® Soft Company (Company’s
website: http://www.harmonysoft.com.vn/en/index.php). Before discussing the LeanEst
workflow in detail, it is important to present the basics of Autodesk Revit families and their
definition. Appendix D defines some key Autodesk Revit terminology used in this chapter.

Autodesk Revit-based products are parametric modeling tools. Parametric modeling uses
parameters to define the size and geometry of features and to create relationships between
features (Eastman et al. 2008). In Revit, parametric objects can be 3D objects such as columns or
beams or 2D drafting objects. These objects are classified into three different classes of families
including system, loadable, and in-place families (Autodesk 2009a):

o System families are predefined and stored in the project template. System families are
used to create basic building elements such as walls, roofs, ceilings, floors, and other
elements that would be assembled on a construction site.

o Loadable families are defined externally in freestanding “.rfa’ files. Loadable families
create the building components that would usually be purchased, delivered, and installed
in and around a building, such as windows, doors, casework, fixtures, furniture, and
planting. Due to their highly customizable nature, loadable families are the families that
Revit users most commonly create and modify. In this example, the VDW system is a
loadable family and it has three family types corresponding to three different sizes used
on CHH: VDW 7°x9’, VDW 7°x10’, and VDW 7°x12".

e In-place families are created for unique components that are specific to the current
project. An in-place family contains a single family type.

A “family’ is a group of elements with a common set of properties, called parameters, and a
related graphical representation. Different elements belonging to a family may have different
values for some or all of their parameters, but the set of parameters (their names and meanings)
is the same. These variations within the family are called ‘family types’ or ‘types’.
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Figure 7.1 shows the mechanism of linking a product model with process- and cost data to
provide rapid cost feedback and support model-based cost estimating during the design process.
The mechanism includes three data links:

Data link (1): Using the Open Data Base Connectivity (ODBC) to link each activity in a
process map to its data record in a process- and cost database.

Data link (2): Using the LeanEst Revit Add-In to link a BIM object to cost and process data.

Data link (3): Using the Uniform Resource Locator (URL), as a built-in parameter of a BIM
object, to link that BIM object to its process map.

This mechanism is designed to make process- and cost data from the supplier and specialty
contractor explicit and visual in order to create a common understanding of processes and costs
between team members. The design team may choose to revise the process design, usage of
resources, and cost information on the process map, or on the process- and cost database, or on
the product model

Process and Cost Database

! ShapeText ‘Dum\iun_hl ‘Ccsl/hr \Dis(ame \Cost/Uni{ LabL‘SIeel_workei ‘ Equipment ‘ | - fityivee, | |Materialcost  [LogisticCost. | Installation cost | Totalunit cost
Ship VOW, giders, and columns toite 90 $18750 ML, m'b‘?"‘"s $30,000.00 #727.00 52,250.00 $33,577.00
" = VDW Tx¥' Inserting $30,600.00 5799.92 52,957.00 534,397.00
' Tighten all bolts on VDU to designed torque afterh 1 900 $900.00 23 1pTY P vow 799’ CorT $30,600.00 §749.60 $2,097.00 $33447.00
 Ship VOWs from DISEto Herick shop 180 3.4 3 VDW 79" Pre-bolting with kitting $30,600.00 586092 $225000  $33,720.00
_Bol(VDW(oupperrdevon'hegromd 05 900 $450.00 8 1PTW PuDw 7'x12' Pre-balting $40,500.00 $727.02 $2,250.00 $43477.02
_ Unload VDU, bundle with giders,columns and oz 0.29 $0.50 2 1 mobile crane | VDWW Tx12' Inserting 540,500.00 5799.92 52,997.00 544,296.92
Packand load on truck 0.5 2250 2 1 mobile cranec3 VOW 7x12' Sequencing $40,500.00 $749.60 52,097.00 $43,346.60
. iftand bol the combined component to coluans 1 %0 $900.00 ’:3 1PTW B b eltine with Kitina, - 540.500.00 sa0.02 e

()
\31

B e L R

Process Map Product Model

Figure 7.1 Connecting data between a database, a BIM model, and a process map
7.2 DATA LINK (1): CONNECT PROCESS- AND COST DATA TO A PROCESS MAP

The Open Data Base Connectivity (ODBC) is a standard, written by Microsoft, for sharing
database information between applications under the Windows operation system. ODBC creates
a mechanism to link Microsoft Visio shapes to database records. This way, the user can pass
information back and forth between Visio and the database and keep the two versions of the data
synchronized.

Almost all Windows-based database programs allow users to convert their proprietary data
format to the ODBC format. Some examples are Access, Alpha Four, Oracle, Paradox, and SQL
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Server. In this demonstration, | use Microsoft Access 2007 to store process- and cost data and |
use ODBC to connect the Access database to a flowchart in Microsoft Visio 2007.

A row in the Access database is called a record. Each row contains data for an activity that is
represented as a shape in Visio. When the user connects Visio with a database file, shapes in
Visio are connected to specified rows in the database table. The user may specify a data
connection using a shape’s name or a shape’s ID. Visio keeps track of the link between shapes in
Visio and rows in the database and the ODBC transfers data back and forth. This is a bi-
directional data connection.

Figure 7.2 shows a cross-functional process map in Visio before it is populated with data.
Figure 7.3 shows a table containing process- and cost data in Microsoft Access 2007. The
activity “Tighten all bolts on VDW to designed torque after having concrete slab poured” has
various process- and cost data associated with it, such as its duration, cost per hour, and the
number of workers and laborers. Figure 7.4 shows the Visio process map after it is populated
with data. The user may select which data to display beside each activity in the process map.

5
: /\
) N ‘| Pack and load
) vDOW on truck
g
>
=
=
g
5 Ship VDWs
o from DIS
E_ {o Herrick shop
Q
£
5
a2 LA
>3 + .
S Unload VDW. Ship VOW, Bolt VOW to Lift and bolt Tighten all bqlls on
i bundle with ; . the combined VDW to designed
z irders, columns | girders, and Upper girder on component to torque after having
- 8 ' columns to site the ground
§ and load on truck columns concrete slab poured.
i
T
2
@
T
=
:
@

Figure 7.2 Cross-functional process map in Visio before populated with data

E5H VDW Pre-bolting with kitting
ShapeText Duration_hr |Cost/hr | Distance |Cost/Unit Labor |Steel_worker Equipment Description

Ship VDW, girders, and columns to site 90 $187.50 1 unit/truck, 155 trips, bundling with g
Tighten all bolts on VDW to designed torque afterh 1 900 $900.00 213 1PTW PTW: Pneumatic Torque Wrench
| Ship VDWs from DISEito Herrick shop 180 $637.42 3 units/truck, one truck, 52 trips
|Bolt VDW to upper girder on the ground 0.5 900 $450.00 3 1PTW PTW: Pneumatic Torque Wrench
|Unload VDW, bundle with girders, columns and loa 0.25 $22.50 2 1 mobile crane

Pack and load on truck 0.25 $22.50 2! 1 mobile cranec 3 units/truck

Lift and bolt the combined component te columns 1 900 $900.00 3 1PTW Lift using tower crane, PTW: Pneuma’

Figure 7.3 Process- and cost data in Microsoft Access 2007
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E E Cost/Unit §22.50 CostUnit $187.50 CostUnit & | $450.00 Cost/Unit $900.00 | CostUnit $900.00 |
1 3 Labor 2 Distance_mile 90 Steelworker | 3 Stoel_worker 3 | Stoal_worker 3l
3 7] Duration_hr 0.25 1 unititruck, 155 Duration_hr 0.5 Duration_hr 1 |- Duration_hr 1 }
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~ 28 Ship VOW, girders, and columns to site 90 155 $187.50 1 unit/truck, A\ 4
[[3 21 Tighten all bolts on YDW to designed torque after having concrete sl... 1 900 155 $900.00 2 3 1PTW PTW: Pneum ]
-U- 26 Ship YDWs from DIS to Herrick shop 180 155 $637.42 3 unitsfiruck,
o 25 Bolt VOW to upper girder on the ground 0.5 900 155 $450.00 3 1PTW PTW: Preum
= 22 Unload YD\, bundle with girders, columns and load on truck 0.25 155 $22.50 2 1 mobile crane
24 Pack and load on tuck 0.25 155 $22.50 2 1 moblle oran... 3 units/uck
23 Lift and bolt the combined compaonent to columns 1 900 155 $900.00 3 1PTW Lift using tow
Process and cost data
d to Access —

Figure 7.4 Shapes in a process map in Microsoft Visio 2007 link to process- and cost data in
Microsoft Access 2007 using ODBC

By linking to a process map, data are more comprehensible to a design team than when they
are presented in a conventional spreadsheet. The process map becomes a visual interface for the
design team to access and adjust process data.

7.3 DATA LINK (2): CONNECT DATA TO BIM MODEL USING LEANEST REVIT
ADD-IN

When installed, LeanEst adds customized commands to the External Tools panel in Revit
Architecture 2010. LeanEst automates the process of creating and attaching multiple shared
parameters to a Revit object family and links those parameters to cost data in an external
database. Figures 7.5 to 7.8 illustrate the LeanEst user interface in Autodesk Revit Architecture
2010. The LeanEst Add-In creates a menu in Revit’s External Tools. This menu includes three
functions: (1) AddSharedParameters that pull in a pre-defined set of shared parameters to a new
Autodesk Revit project, (2) AddParamsToFamily that adds shared parameters to a selected
family type, and (3) LinkCostData that writes values from a Microsoft Access 2007 database to
the created shared parameters.
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Figure 7.6 AddParamsToFamily function
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LeanEst - AddSharedParameters
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. .. Drawing List H 61 PAND 712" VWD 7 %12 Pra-holting

Figure 7.7 LinkCostData function



Select Data Source 2] x|

File Data Source  Machine Data Source |

Data Source Name | Type | Description |
ACCESS User test
dBASE Files Uszer
Excel Files User
M5 Access Database Uszer
Frimawera SDK System
Uszer
User Process data and cost estimate

A Machine Data Source is specific to this machine, and cannot be shared. "User" data.
sources are specificto a user on this machine. "System" data sources can be used by
all users an this machine, or by a systerm-wide service.

(0] I Cancel | Help

Figure 7.8 Option for specifying data source to connect using LinkCostData function

In this example, | use the AddSharedParameters tool to add the pre-defined shared
parameters, shown in Table 7.1 representing product and process costs to the structural steel
model in Autodesk Revit:

Table 7.1 Shared parameters and data type

Shared Parameters Data Type
Logistic Cost Cost
Installation Cost Cost
Material Cost Cost
Total Unit Cost Cost
Total Cost Cost

Then I use the AddParamsToFamily function to add the created shared parameters to all
VDW family types.



St Family type Description
1 VDW 7'x9' Pre-bolting

3 VDW 7'x9' Sequencing

5 VDW 7'x12" Pre-bolting Viscous Damping Wall 7'x12'
7 VDW 7'x12' Sequencing
9 VDW 7'x10’ Pre-bolting

| | 10VDW 7'x10' Inserting
11 VDW 7'x10' Sequencing

Figure 7.9 VDW cost data in Microsoft Access 2007

Viscous Damping Wall 7'x9’ -
2 VDW 7'x8' Inserting Viscous Damping Wall 7'x9' -
Viscous Damping Wall 7'x9’ -
4 VDW 7'x9' Pre-bolting with kitting Viscous Damping Wall 7'x9’ -

6 VDW 7'x12' Inserting Viscous Damping Wall 7'x12'
Viscous Damping Wall 7'x12’ -
8 VDW 7'x12' Pre-bolting with kitting  Viscous Damping Wall 7'x12’ -
Viscous Damping Wall 7’x10' -
Viscous Damping Wall 7'x10' -
Viscous Damping Wall 7'x10’ -
| | 12 VDW 7'x10' Pre-bolting with kitting  Viscous Damping Wall 7'x10’ -

Pre-bolti
Inserting
Sequenci
Pre-bolti
- Pre-bol

- Insertin

Sequen
Pre-bol
Pre-bol
Insertin
Sequen
Pre-bol

|Materia| cost |L0gisti|: Cost ‘ Installation cost

$30,600.00
$30,600.00
$30,600.00
530,600.00
$40,500.00
$40,500.00
$40,500.00
$40,500.00
$34,100.00
$34,100.00
$34,100.00
$34,100.00

$727.02
$799.92
$749.60
5869.92
$727.02
$799.92
$749.60
$869.92
$727.02
$799.92
5749.60
$869.92

$2,250.00
$2,897.00
$2,097.00
$2,250.00
$2,250.00
$2,897.00
$2,097.00
$2,250.00
$2,250.00
$2,897.00
$2,097.00
$2,250.00

|T0ta| unit cost
$33,577.00
$34,397.00
$33,447.00
$33,720.00
$43,477.02
$44,296.92
543,346.60
543,619.92
$37,077.00
$37,897.00
$36,947.00
$37,220.00

Figure 7.9 shows records of cost data for the VDW family types in Microsoft Access 2007. | use
the LinkCostData function to write values in the Microsoft Access database to the created shared
parameters. Once these data are linked to the corresponding VDW family types in Revit, when
right-clicking on the family type to see object properties, this cost information is included in the

object property list as illustrated in figure 7.10.
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Drescription 2" Viscous Wall Damper
Cost
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Keynaote
Fodel
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Assembly Descripton

Other Special Structures

Type Mark.

Workset Family : Generic Models ; wOW 7
Edited by HMgLyen
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Other &
Total Unit Cost 33719

Total Cost 2562713

Material Cost 30600

Logistc Cost 853

Installation Cost 2250 LI
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(0]:4

Cancel Al

Figure 7.10 Cost data is linked to BIM object and displayed on the object property list

This cost information can be included in a quantity schedule within Autodesk Revit to
provide cost feedback to the design team when product or process alternatives are being selected.
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Information such as VWD counts can be extracted from the Revit model to calculate a total cost
as illustrated in figure 7.11.

YWiscous Damping VWall
. Description | Material Cost | Installation Co: Logistic Cost Total Unit Costi Count © Total Cost - Manufacturer |

Family and Type

30600 2260 569 33719 7B 2862713 DIS
40500 2250 569 43619 79 3445573 DIS

WOWY 73" VDWW 79" Pre-bolting with k19" Viscous
WOWY 712 WOV 712" Pre-bolting wit 112" Viscous

Figure 7.11 Cost feedback for ‘Pre-bolting with kitting’ installation alternative

Figure 7.11 depicts a VDW schedule view in Autodesk Revit: two VDW family types are
used in this design including 76 units of VDW 7°x9” and 79 units of VDW 7°x12’. The selected
method of installation is ‘Pre-bolting with kitting’. Given the selected family types, the method
of installation, and the quantities of VDW extracted from the design model, the total estimated
cost for this design alternative is $2,562,713 + $3,445,973 = $6,008,686. This result matches
with the manual PBCM calculation presented in Figure 6.13, Chapter 6.

Figures 7.12, 7.13, and 7.14 illustrate examples when the design team considers other
alternatives of installing the VDW. From the drop down list, a designer may replace the object
family type ‘Pre-bolting with kitting” with ‘Sequencing’, “Inserting’, or *Pre-bolting’ installation
method to see how cost will be effected. Values in related fields such as material cost,
installation cost, or total cost, etc. will change to reflect the choice of installation method.

“iscous Darmping YWall
Description { Material Cost | Installation Co Logistic Cost Total Unit Cost! Count | Total Cost Manufacturer

Farnily and Type

WOWY 7% WDV 73" Sequencing 3'"iscous 30500 2097 749 33446 7B 2541941 DIS
D /D 7 Sequencingiiid KR ETTE R 2097 749 43346 79 3424351 DIS
Dwy 710" WDWY 7510 Pre-bolting with kitting -

DAy 710 WDWY 710" Sequencing
Dy 712" WDWY 712" Inserting
Dy 71 2% WDWY 712" Pre-balting
Dy 712" VDWW 7' 12" Pre-holting with kitting
/L SVDWY T Sequencing

Figure 7.12 Cost feedback for ‘Sequencing’ installation alternative

Wiscous Damping VWall
. Description | Material Cost | Installation Co} Logistic Cost (Total Unit Cost: Count | Total Cost Manufacturer]

Family and Type

30600 2997 799 34396 7B 2614165 DIS
40500 2997 799 44296 79 3459456 DIS

WOWY 738 WIWY 79 Inserting 9" Wiscous
i 12" Viscous

. D 712 WY 712 F're-holing
DV 7512 WEWW 712" Pre-bolting with kitting I
D 712 WDOWY 712" Seguencing

Figure 7.13 Cost feedback for ‘Inserting’ installation alternative
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Wiscous Damping YWall
Farnily and Type Diescription  Material Cost : Installation Co Logistic Cost ‘Total Unit Cost: Count :  Total Cost  : Manufacturer:
WO 7B WY T3 Pre-halting 9" viscous 30600 2250 T 33577 7k 2551853 [n]=s
WY 712 WINWY 712 Pre-bolting 12'%iscous (40500 2250 T 43477 73 3434684 DS

Figure 7.14 Cost feedback for ‘Pre-bolting’ installation alternative

When the quantity and the type of VDW get changed during design, this information will be
immediately updated in the Autodesk Revit schedule view, and a new total cost will be
calculated automatically. Figure 7.15 illustrates the situation where 9 units of VDW 7°x12’ are
replaced by 9 units of VDW 7°x10’ using the ‘Pre-bolting with kitting’ installation alternative.
Designers can see the change in quantity in the ‘Count’ column and the change in cost in the
“Total Cost’ column.

“iscous Damping YWall
Family and Type Description Material Cost EInStaIIation Co§ Logistic Cost §T0tal Unit Cost§ Count Total Cost Manufacturer§
VDW 79" VOW 79 Pre-bolting wih k _ @' Viscous _ 30BO0__ __2050__ _ _ BB9_ _ _ _ W9 ___ 76 _ 23 __Ds___
Ir WY 710" WOWY 710" Pre-bolting wit 10'%iscous (34100 2250 aE9 749 9 334979 DIs !
LDV Tl 2 VDV 7512 Precbolting wit | 12 Viseous, 40500 _ _ 2280 _ _ _ B 4de___ 70 _30sswd DS _ ] !

Figure 7.15 Cost feedback when design changes

Cost information contained in shared parameters can be exported to other applications such
as Microsoft Excel or cost estimating applications for producing cost reports. It is also possible
to extract a family with its shared parameters out of a project and store it into an external family
file for usage in future projects.

Although developed for Autodesk Revit Architecture 2010, with some minor modifications,
LeanEst can also be used with Autodesk Revit Structure 2010 and Autodesk Revit MEP 2010.

With LeanEst, users can connect any type of data contained in the process- and cost database
to a BIM object. As illustrated in the example in Figure 7.16, durations, costs per unit, and
activity descriptions to install a VDW 7°x12’ using the ‘Pre-bolting with kitting” method are
displayed as properties of the VDW 7°x12’ “‘Pre-bolting with kitting” family type.
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Type Properties | x|
Al Eamiy: [vDwi 7312 ~| Load... |
o
L [ o Type: IVDW 7'%12' Pre-bolting with kitting LI Duplicate, .. |
Rename... |
Type Parameters
Parameter Wallie :I
MMadel
Type Comments
URL ChDocuments and Settingsihng
Assembly Descripton
Type Mark
Cost
_I Workset Family : Generic Models : WVOW 7
Edited by HigLiyen
omniClass Mumber
omniClass Titde
Transportation (Descripton) From DIS to steel fabrication sho
Transportation ($/unit) 524,92
Storage (description) Mo storage needed
Storage ($/unit) 0.00
Material handing duration frfunit) VDWW loading at 0I5, 1 mobile cra
Material handiing cost {$,/unit) 22.50
Installation steps Pre-bolting with kiting
Installation duration {hrfunit) 2.500000
= Instalation cost ($/unit) 2250,00
< | _>I_I =]
@l a=1 |3D View View 1 LI Preview = | Ok | Cancel | Apply |

Figure 7.16 Connect detailed process- and cost data to an object family type
7.4 DATA LINK (3): LINK PROCESS MAP TO BIM OBJECT

A Uniform Resource Locator (URL) is a built-in parameter of a BIM object. A URL can be used
to link a BIM object to its process map stored on a project server or a web page. To create the
link, Autodesk Revit users may enter a URL link as a BIM object’s property as illustrated in
Figure 7.17. In Autodesk Revit’s Schedule View, the user can click on the URL field to open a
process map as illustrated in Figure 7.18.

When opened, the user will see the process map and process- and cost data populated with it

as presented in Figure 7.4. This link makes process information accessible and visual to the
design team.
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x|

| Famity: [ 740 ~] Load... |
L
Sl Type: IVDW 79" Pre-bolting with kitting LI Duplicate... |
Type Parameters
Parameter Walue ;l
Defallt Elevation 4" 0"
Identity Data &
-<al URL OYDWRE20processBh20map.,
Manufactirer -~~~ == === - - oiy------"""°°7 ‘
Description 9" Wiscous Wall Damper
Cost
—I Assembly Code F1010300
Keynote
Model
Type Comments
Azsembly Description Other Special StructLres
Type Mark
Workset Family : Generic Models : WDW 7
Edited by HrgLyen
OmnicClass Mumber
omniClass Titde
Other %
Total Unit Cost 33719 |
Total Cost 2562713
- Material Cost 30500
LI _I _,IJ Logis::ic Cost =i LI
@l e |3D Wiew: Wiew 1 LI Prewisw == | oK | Cancel | Aoply |

Figure 7.17 Enter a URL link as a BIM object’s property

YWiscous Darnping Wall = [ 3%

Description | Material Cost | Installation Co ! Logistic Cost iTotal Unit Cost: Count | Taotal Cost | Manufacturer URL |
9" Viscous 2280 [Elee] 33719 7B 2862713 DIs ‘hittps:bspace berkeley edufaccessicontent/grouple |
12'viscous 12280 1569 43619 79 13445973 DI ;atiUnICUpy%2DUf%QDVDW%2Dprucess%20map.vsd|;||

Opening Copy of x|
You have chosen to open

f-_\__'lj Copy of VDW process map.vsd

which is a: Microsoft Cffice Wisio Drawing
from: https: //bspace.berkeley.edu

Whiat should Firefos do with this file?
 DowrTherm Al

 dTa OneClick! |C:\Documents and Set. vaya2009\References j
* Save Fle

™ Do this automatically for files ke this from now on.

Savelfsle | Cancel |

Figure 7.18 Open a process map from Autodesk Revit’s Schedule View
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7.5 PRACTITIONERS’ FEEDBACK ON LEANEST

The advantage of LeanEst is in linking cost directly to BIM objects and displaying cost
information within the modeling software. This linking mechanism makes cost information
instantly available to the design team (Krumenacker 2010; Kothari 2010; Hofmann 2010).

The timing of providing cost feedback is important in avoiding wasted effort in design. The
current cost estimating process on CHH takes days or even weeks to provide feedback to
designers and that often causes rework in design (Krumenacker 2010).

The LeanEst tool may require a lot of data input, but some trade partners already have had in-
house process- and cost database. The problem may lie in how to encourage them to share that
database with the design team (Modrich 2010).

The data links allow transparency in adjustment of process- and cost data (Hofmann 2010;
Sparapani 2010; Kothari 2010).

The data links add intelligence to the product model, they help to integrate the product model
and the cost model (Lostuvali 2010; Modrich 2010; Krumenacker 2010).

The database takes into account the cost implications of alternatives of logistic and
installation activities, revealing how design changes lead to changes in product and process cost
(Lostuvali 2010).

When budget is calculated base on trade partners’ inputs on their work sequence, duration,
productivity, and unit cost, they would be more committed to deliver their work within that
budget (Hofmann 2010).

7.6 CONCLUSION

LeanEst provides a link between a family type and its related cost and process data. This link
enables designers to have immediate product and process cost feedback during design. LeanEst
is most useful in informing the decision-making process when it contains cost and process
information provided by the specialty contractors who will actually implement the work.

A process-based cost estimating method used in connection with BIM can provide more
useful data in comparing design solutions than traditional cost models do. In addition, process
cost data that comes out of the PBCM can be entered to BIM as properties of an assembly or a
system, so that designers will instantly have cost feedback on how total cost is affected by their
changes in product design or process design.
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CHAPTER 8. CONCLUSIONS

This chapter highlights the research findings, presents contributions to knowledge, and specifies
directions for further research. Section 1 summarizes answers to research questions presented in
Chapter 1. Section 2 lays out the contributions to knowledge of the dissertation. Section 3
presents cross case-study conclusions. Finally, Section 4 recommends further research in this
field.

8.1 RESEARCH FINDINGS

This dissertation involved literature review, case studies, and action research. In this section |
present answers to the research questions raised in Chapter 1.

8.1.1 How CouLD PROCESS-BASED COST MODELING SUPPORT TARGET VALUE DESIGN IN
THE LEAN PROJECT DELIVERY SYSTEM™?

A PBCM helps to make both process cost and product cost explicit to designers when they are in
the process of analyzing design alternatives. The aim of TVD is not to minimize project cost but
to maximize value generation while remaining within the allowable budget. This effort may
result in shifting costs from the site installation process to product fabrication- and logistics
processes, or between project participants. The application of TVD often results in multiple
design alternatives with different product costs, process costs, as well as product and process
features. Thus, the challenge of the application of TVD is to evaluate multiple design alternatives
to come up with a most preferred design solution. As pointed out in Chapters 1 and 3, traditional
cost modeling methods are insufficient to make trade-offs between multiple alternatives of
product- and process design in order to support TVD. In contrast, as revealed from results of the
VDW case study (Chapter 6) and the software demonstration (Chapter 7), a PBCM is able to
specify: (1) cost changes due to changes in product design (i.e., changes in materials, shapes, or
dimensions), and (2) cost changes due to changes in process design (i.e., changes in sequencing,
logistics processes, or construction processes). Thus, PBCM is more effective in supporting
product- and process design integration in TVD than traditional cost models are.

The VDW case study (Chapter 6) reveals that PBCM facilitates the coordination between
specialists, assists in look-ahead planning, integrates product- and process design, and yields
reliable estimates of manpower and process-related cost. Estimates are reliable because (1) the
people who actually perform the work provide up-to-date input data for estimates, logistics and
construction processes are well defined and those in combination lead to less process uncertainty,
(2) the IFOA allows trade partners be paid according to the actual cost incurred during
construction, not to the estimated lump-sum as in traditional types of contract, e.g., DBB. In
addition, trade partners are awarded with incentives if the project cost is less than the EMP. With
this arrangement, trade partners are not held accountable to their estimates hence they can
provide cost data without adding “fat’ to them, (3) estimators can minimize or eliminate their
assumptions on logistics and installation processes by communicating with the cross-functional
team, (4) inefficiencies and wastes are excluded from process- and cost data, (5) contingencies
are managed separately in lieu of being hidden in cost data, (6) the link of process- and cost data
to a process map makes process- and cost data explicit to estimators and the design team overall
so that any adjustment is transparent and justifiable to the team. In addition, collaboration tools
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such as process mapping, model-based process simulation, and CBA helped the cross-functional
team generate ideas, communicate design and construction knowledge, evaluate advantages and
costs of each alternative, and decide on an alternative that best delivers target values as specified
by the TVD team.

By linking cost data to a product model (BIM), a PBCM provides rapid cost feedback to
designers and lessens the time required to assemble cost updates that are to inform TVD. By
integrating process- and product cost data with BIM, an integrated product/process/cost model
helps to streamline the design process and reduce rework in the design/estimate/re-design
iteration. In addition, the implementation of the PBCM method helps the IPD team to maintain a
knowledge database of product design, process design, and their costs for future projects.

Figure 8.1 summarizes the attributes of PBCM in supporting TVD in comparison to other
cost estimating methods that are commonly used during Design Development, including
Parametric Cost Estimating (explained in section 3.3.2.2), Assembly and System Estimating
(explained in section 3.3.2.4), and Unit Price and Schedule Estimating (explained in section
3.3.2.5). The Area and Volume Estimating method is not considered since it is rarely used during
Design Development (explained in section 3.3.2.3). | present the comparison of attributes using a
CBA format. For the cost estimating methods to be comparable, | establish a context of
comparison in the Design Development phase and in the TVD setting. Figure 8.1 presents
factors, criteria, attributes, and advantages of each cost estimating method. Factors considered
are (1) suitability for Design Development, (2) ease of implementation during Design
Development, (3) feedback time, (4) reliability of input data, (5) transparency, (6) relative
accuracy, and (7) trade-off analysis. In Figure 8.1, the underlined text represents the least
preferred attributes.

When the importance of the advantage, ‘Much more facilitation’ was weighed against the
importance of the other advantages, it was deemed to be the paramount advantage. It was placed
at the top of the importance scale in position 100. All other advantages were individually
weighted on the same scale of importance relative to the paramount advantage and one another.
The bottom row of Figure 8.1 lists the total importance of advantages of each alternative. PBCM
has a total importance of 444, higher than that of other estimating methods used in Design
Development and it is the preferred alternative based on my rationale.
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LEGEND PBCM Parametric Cost Assembly and System Unit Price and Schedule
U Eniie (LEEs Pt A Estimating Estimating Estimating
Yellow cell = most important
Advantage in Factor
Blank = no advantage Circle =
Factor: Suitability for Is best used to perform Is best used to Is best used to perform Is best used to
Design Development Intermediate Estimate perform Preliminary Intermediate Estimate perform Detalil
Criterion: Suitable to the level during Design Estimate during during Design Estimate during
of detail used in Design Development Conceptual Design. Development Construction
Development. More is better. May be used in early Document. May be
Design Development used in late Design
Attribute: Development
Advantage:|Much more suitable 8g]! 0|Much more suitable 88|Somewhat more 65
suitable
Factor: Ease of Needs training to Requires defined Estimators are very Estimators
implementation during establish and maintain a mathematical familiar to the use of this sometimes use this
Design Development database, estimators formula for the cost method during Design method during Design
Criterion: More is better should be familiar with function that best fits Development. Development.
BIM applications. the available
Attribute: historical data
Advantage: |1 of! 0|Much more ease of 96|More ease of 86
implementation implementation
Factor: Feedback time Hours Hours Days Weeks
Criterion: Minimize the time it
takes to provide cost
Ifeedback to designers when
design changes. Less is
better.
Attribute:
Advantage:|Much less time 95]Much less time 95|Less time 77| 0
Factor: Reliability of input Uses process and cost Uses cost data from Uses historical cost data Uses historical cost
data inputs from people who previous projects from previous projects, data from previous
Ciiterion: More is better. will actually perform the whose conditions whose conditions may projects, whose
work. Process and cost may vary. Data are in vary. Data are in system conditions may vary.
data are specific to project or system level. Limited information Data are in elemental
project conditions. level. Very limited on logistics and level. Data may
Inefficiencies and wastes information on installation processes contain process
are excluded from the logistics and wastes and
collected process and linstallation processes inefficiencies
Attribute: cost data
Advantage:|Much more reliability 90)! O]More reliability 75|More reliability 75
Factor: Transparency Process and cost data Estimators adjust Estimators rely on Estimators rely on
Criterion: Ensure adjustments | are presented according mathematical historical data, the historical data, the
of source data are to activities on process formula to address estimators own past estimators own past
transparent and justifiable. maps, that makes changes in design experience, previous experience, previous
More is better. process and cost data experience of others, experience of others,
Attrbute:] ~ explicit to design team and gut felling. and gut felling,
Advantage:|Much more transparency | 89|' O|More transparency 79|More transparency 79
Factor: Relative accuracy Within 10% accuracy Within 20% accuracy Within 10% accuracy Within 5% accuracy
Criterion: More is better.
Attribute:
Advantage:|More accurate 7 O|More accurate 70|Much more accurate 80
Factor: Trade-off analysis |Process cost and product No separation of May have limited May have some
cost are explicit to process cost and separation of process separations of
Ciiterion: Facilitate trade-off | designers when they are product cost cost and product cost process cost and
between alternatives of in the process of product cost
integrating product design analyzing design
and process design. More is alternatives
better.
Attribute: |
Advantagg”|Much more facilitation 100}! 0|Somewhat more 5|More facilitation 60
- facilit_ation
444 95 306 294

Figure 8.1 Comparison of cost estimating methods to support TVD during Design Development
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8.1.2 WHAT CouLb A PBCM LOOK LIKE?

The PBCM proposed in this research is not intended to replace traditional cost models. While
traditional models focus on the “what” of cost, PBCM focuses on the “how.” The PBCM is
intended to supplement traditional cost models by making process information explicit to
designers and cost planners. As pointed out in Chapters 6 and 7, the PBCM makes both process-
related cost and product cost explicit to designers when they are in the process of analyzing
design alternatives. Process-related cost may include the cost of material handling,
transportation, site logistics, and site installation depending on the scope of cost estimating.
Chapter 4 presents key steps of PBCM including three phases: (1) capturing process cost data,
(2) attaching cost data to a BIM object family, and (3) providing cost feedback to designers.

Chapter 4 presents two methods of collecting process- and cost data in two scenarios: (1) for
products that have standard process designs, and (2) for products that require new process
designs. In both scenarios, process- and cost data are collected according to activities on a
process map. Process data may include activities’ names and descriptions, activities’ sequences,
durations of activities, crew composition, number of man-hours to complete each activity,
equipment utilization, inventory space needed, and transportation distance, etc. Cost data may
include material cost, crew cost, equipment cost, inventory cost, and transportation cost, etc. For
products that have standard process designs, process data can be collected by direct observation
of actual processes, by interviewing field personnel, or by combining both methods as
demonstrated in the window case study (Chapter 5). Techniques for collecting data may include:
videotaping, tracking time, and getting input from the work crew, superintendent, project
engineer, and project manager. For products that require new process designs as demonstrated in
the VDW case study (Chapter 6), it is necessary to assemble a cross-functional team and to have
the team together map out process design alternatives. Model-based process simulation helps the
team in achieving common understanding of process design alternatives. Process maps serve as a
platform for the team to provide input data such as activities, sequencing alternatives, estimated
duration of each activity, estimated number of man-hours to complete each activity, equipment,
inventory, constraints, and coordination requirements from each party. The GC, designers, trade
partners, suppliers, and cost estimators provide data relating to each activity in the process map
such as distance, resource capacities, design quantities, crew compositions, activity durations,
and estimated unit costs. Process cost is calculated using process data and rates for labor,
equipment and materials provided by the team. A process cost database contains cost of each
activity allocated to a unit of a product.

To attach cost data from a database to an object family in a product model, a software tool |
developed jointly with Harmony® Soft Company named LeanEst (Chapter 7) creates additional
object properties that can contain cost data. The software also produces a link between the
created object properties and values in the cost database so that these values are displayed as
properties of an object family. Chapter 7 illustrates the data linking mechanism.

To provide cost feedback to designers, when the IPD team considers a change in product
(i.e., change object family types) or a change in process (i.e., change methods of installation),
they may swap a current product with another product in the model’s product library and select
an alternative of installation to see changes in final cost. If process and cost modifications are
desired, team members could access the database to make adjustments. For example, team
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members may adjust crew composition, activity durations, transportation distance, etc.,
according to conditions of the current project. Since process- and cost data are linked to the
product model, the team will be instantly provided with related changes in both product cost and
process cost. The linking of data between the product model and the process cost model yields an
integrated product/process/cost model that can provide quick cost feedback to designers.

8.1.2.1 When Should PBCM be Used in the TVD Process?

By design and as revealed in Chapters 4 and 7, the PBCM is best applied during the Design
Development phase in the IPD environment. Further research is needed to investigate the use of
the PBCM in Conceptual Design and Construction Document phases.

During the Conceptual Design phase, the project team focuses on exploring alternatives on
form, function, scale, and space planning of the designed facility. The team begins to discuss
process alternatives such as preliminary construction sequence or opportunity for prefabrication.
This phase may involve the owner, the architect, the engineer, the GC, and some key
construction trade partners, such as structural steel, structural concrete, and MEP. As building
components and systems as well as their installation alternatives are not yet well defined in this
phase, and with a limited involvement of trade partners, the PBCM may have limited application
in this phase of design.

During the Design Development phase, the IPD team recruits many but not all of trade
partners for the project, expanding the project team already in place in the Conceptual Design
phase. The IPD team refines the design concept and the building literally begins to take shape.
Decisions made during this phase often have a major impact on Target Costs and target values
(AIA 2007). Such decisions may include dimensions for building components or systems, choice
of materials, construction sequence, prefabrication, material quantities, material handling, site
logistics, and installation method. As building components and systems as well as their
installation alternatives get defined and trade partners are on board in this phase, the PBCM is
effective during this phase of design.

During the Construction Document phase, the project team refines the drawings from Design
Development into construction documents. This phase consists of preparation of drawings and
specifications that establish the requirements for construction of the project. By this time, most
key decisions on product and process have been made and the project team focuses on detailing
to prepare for construction. Decisions made in this phase may not have as high a cost and value
impact as decisions made during the Design Development phase. As building components and
systems as well as their installation processes get to be better defined, the PBCM may be used in
this phase to model process cost. However, the level of process detail required to evaluate
alternatives of process design in this phase may result in increasing the size of the process- and
cost database. A large database may become difficult to manage and hence may prevent an
effective application of PBCM. Further research is needed to investigate the applicability of
PBCM during the Construction Document phase (refer to section 8.4).
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8.1.2.2 Who Should be Involved in the PBCM Process?

As pointed out in Chapters 4 and 6, during the Design Development phase, an integrated team of
designers, engineers, suppliers, and specialty contractors could examine construction processes
in a virtual environment to achieve a common understanding of coordination, logistics, and
installation processes. Based on that, they share their experience and ideas to investigate
alternative ways of doing the work or to suggest changes to design to improve constructability.
As revealed in Chapter 5, the participation of specialty contractors and suppliers during design
may help to make process inefficiencies and wastes explicit to the project team so that these can
be minimized or eliminated.

In addition, collaboration tools such as process mapping, model-based process simulation,
and CBA helped the cross-functional team generate ideas, communicate design and construction
knowledge, evaluate advantages and costs of each alternative, and decide on a best alternative for
integrating product- and process design. Owners can encourage the use of the PBCM on a project
by hiring specialty contractors and suppliers during the design phase of the project. An IPD
contract such as IFOA could incentivize collaboration of the cross-functional team for a
successful implementation of the PBCM.

8.1.2.3 How Does the IPD Team Make Decisions When Considering Factors Other Than
Cost?

As revealed in Chapter 6, the team can use CBA to evaluate alternatives considering both cost
and value. CBA helps the IPD team establish target values through specifications of ‘must’ and
‘want’ criteria, and provides a sound method for evaluating alternatives according to those
criteria. During the evaluation process, the team explicitly identifies differences between
alternatives and recognizes the importance of those differences. CBA helps the team to trade off
both cost and non-cost factors and aligns the team’s design decisions with target values.

As shown in Chapter 6, by working collaboratively, using CBA, and by having nearly
immediate process cost feedback, the team was able to come up with a new alternative that
brings the most value to the project at a cost equal to that of what initially appeared to be the
lowest cost option.

8.1.3 How SHouLD PROCESS COST DATA BE COLLECTED TO SUPPORT PBCM?

As pointed out in Chapters 4 and 6, process- and cost data should be collected according to
activities as in the case for ABC. In order to support model-based cost estimating, the activity
costs should be allocated to each product unit.

The window case study (Chapter 5) demonstrated the use of process mapping and direct
observation to map existing process and collect process data for products or systems with
standardized installation processes.

The VDW case study (Chapter 6) demonstrated the use of process mapping and 4D
simulation in a cross-functional team coordination setting. The 4D simulation triggered a
discussion on detailed logistics and installation processes and constructability issues. As
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presented in this case study, design-team conversations pertained to multiple categories such as
constructability, fabrication, transportation, site logistics, and installation. These conversations
helped the team in forming a common understanding of logistics and installation processes, the
constraints related to those processes, as well as hand-offs between trade partners. Process
mapping made logistics and installation activities of the VDW system explicit to the cross-
functional team, each trade partner understood the work of others as well any coordination effort
required for producing successful hand-offs.

In order to validate process- and cost data, estimators should compare their estimates against
actual costs when the work is completed and as a learning exercise. Actual cost feedback helps
estimators verify the reliability of process- and cost data used, review their data adjustment
decisions, and adjust the cost model. Feedback of actual costs should be consistently used to
review and adjust the process- and cost data for estimating future projects. Further research is
needed to study the mechanism of adjusting PBCM based on feedback from the actual cost data
(refer to section 8.4).

8.1.4 How SHouLD PBCM INTEGRATE PROCESS COST DATA IN A BUILDING INFORMATION
MODEL?

Chapter 7 illustrated the data linking mechanism using LeanEst, software used to create object
properties that can contain cost data. It could attach cost data from an external, editable database
to an object family in a product model. The software also produced a link between the created
object properties and values in a cost database so that these values were displayed as properties
of an object family.

LeanEst automates the process of creating and attaching multiple shared parameters to an
Autodesk Revit object family and links those parameters to cost data in an external database. The
LeanEst Add-In creates a menu in Revit’s External Tools. This menu includes three functions:
(1) AddSharedParameters that pulls in a pre-defined set of shared parameters to a new Autodesk
Revit project, (2) AddParamsToFamily that adds shared parameters to a selected family type,
and (3) LinkCostData that writes values from a Microsoft Access 2007 database to the created
shared parameters. The advantages of linking cost directly to BIM objects and display cost
information within the modeling software are to (1) facilitate model-based cost estimating, and
(2) make cost information instantly available to the design team.

8.2 CONTRIBUTIONS TO KNOWLEDGE

This dissertation provided a theoretical understanding of the reasons why traditional cost
modeling methods were insufficient to support TVD. This understanding formulated directions
for developing the PBCM framework. My findings from the literature review (Chapter 3) and my
observations of the current state of cost modeling during the Design Development phase in the
TVD environment at CHH (Chapter 4) revealed (1) the lack of an effective cost modeling
method to inform TVD during Design Development and (2) the lack of a framework to take
advantage of BIM in estimating product- and process cost. This dissertation delivered a proof of
concept for a PBCM framework and validated it through case studies and action research. PBCM
has more advantages in supporting TVD than traditional cost estimating methods do (refer to
section 8.1). In addition, findings from this dissertation suggested the development of LeanEst
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(Chapter 7), software that works as an Add-In to an existing BIM tool, Autodesk Revit
Architecture 2010. LeanEst automates the process of creating and attaching multiple shared
parameters to a Revit object family and links those parameters to cost data in an external
database. The advantage of LeanEst is in linking cost directly to BIM objects and displaying cost
information within the modeling software. This linking mechanism provides designers with
nearly immediate cost feedback on how total cost is affected by their changes in product design
or changes in process design. Feedback from practitioners at CHH (refer to section 7.5) revealed
that the PBCM used in connection with BIM can provide more useful data in comparing design
solutions than traditional cost models do.

Table 8.1 summarizes contributions to knowledge from each case study according to the
research objectives set out for this dissertation research. The bold headings represent initial

research goals.

Table 8.1 Contributions to knowledge from case studies

Window

Viscous Damping Wall

LeanEst Revit Add-In

Develop a cost modeling method that supports TVD

during Design Development

Analyze the conventional practice
of estimating using historical cost.

Evaluate the effectiveness of
estimating in a cross-functional
team.

Demonstrate a method of
providing immediate product- and
process cost feedback to designers
during the Design Development
phase.

Show a method of creating a
baseline process by removing waste
from the original process map.
Suggest the use of this baseline
process as benchmark for future
project.

Evaluate the application of 4D
simulations in directing the cross-
functional team’s discussion on
process design addressing issues
such as constructability, lead time,
make ready work, work duration,
crew composition, and types of
equipment.

Provide an interface for adjusting
process- and cost data through
process maps.

Demonstrate a method to collect
process- and cost data according to
process activity.

Demonstrate the technical
feasibility of PBCM.

Demonstrate a method to allocate
process cost to product unit using
ABC to support model-based
estimating.

Collect practitioners’ feedback on
the PBCM software application.

Develop

a method of collecting process- and cost data

Develop a method to establish a
process database for products or
systems with standard process
designs.

Develop a method to establish a

process database for products or

systems that require new process
designs.

Specify a framework for
establishing and using process- and
cost database.
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Window

Viscous Damping Wall

LeanEst Revit Add-In

Analyze conventional practices of
designing, estimating, delivery, and
installation of a window system to
identify process inefficiencies and
to discuss how they may affect cost
estimates of future projects.

Explore the application of model-
based process simulation to support
design collaboration, process
mapping, and cost estimating.

Demonstrate the use of process
mapping and DES to separate costs
of process waste from the total
process cost.

Explore the application of CBA to
make decisions considering both
cost and non-cost factors.

Verify the feasibility of collecting
process- and cost data during design
in an IPD environment.

Validate the process- and cost
database with practitioners.

Establish a f

ramework to integrate process cost d

ata in BIM.

Discuss how rapid product- and
process cost feedback can affect
design decisions.

Discuss the need for product- and
process cost feedback to support
design to target.

Develop a mechanism of linking
product-, process-, and cost data to
provide rapid cost feedback and
support model-based cost
estimating during Design
Development.

Illustrate the use of BIM in model-
based cost estimating and discuss
how model-based estimating
facilitates TVD.

Demonstrate the application of
LeanEst Revit Add-In to link a
BIM object to process- and cost
data.

Identify the need for linking cost
directly to BIM objects and display
cost information within modeling
software.

Develop a method to link each
activity in a process map to its data
record in a process- and cost
database using the ODBC and
make these data accessible from
the BIM model using the URL.
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8.3 CROSS CASE-STUDY CONCLUSIONS

The best project environment in which to apply PBCM is in projects that use the IPD
approach, where key players from upstream to downstream of the project, such as owners,
architects, engineers, the GCs, specialty contractors, suppliers, and permitting agencies, are
members of the design team. This PBCM can be used in more traditional project delivery
systems with integrated approaches such as DB, Construction Manager at Risks and Multi-Prime
with DB where the contracts allow early involvement of constructors in the design process. Since
such early involvement is limited when using DBB as the project delivery model, a PBCM has
few opportunities for effective application in DBB.

In a conventional DBB contract, the subcontractors and the suppliers are selected only after
finishing the Design Development phase and Construction Document phase. Thus the designer
of the project cannot benefit in the course of design from cost advice from downstream players.
Any process coordination or request for trade input could only be done after bidding when
subcontractors and suppliers are on board; at which time design typically becomes too costly to
change. A transactional type of contractual relationship such as DBB prevents early coordination
and thus prevents designers from having timely cost feedback on their design decisions. In some
cases, the owner in a DBB contract may allow early involvement of contractors during design.
However, in order to avoid conflict of interest in bidding, especially in public sector projects,
those contractors are often excluded from the owner’s bidding list. Although those contractors
may provide process and cost advice to designers and they may help in estimating product and
process cost, their cost estimates may not be reliable since the contractors who are actually
selected to perform the work may use different means and methods for construction.

An IFOA could incentivize a cross-functional team to collaborate for a successful
implementation of PBCM. As in the case on CHH, The IFOA created the contractual and
financial framework to facilitate effective collaboration between the owner, the GC, architects,
engineers, specialty contractors, and supply chain members. The IFOA also allowed trade
partners be paid according to actual cost incurred during construction. Profit was a negotiated
lump-sum and to be paid per schedule. That eliminated estimators’ tendency of adding ‘fat’ to
their estimates during design to buffer for uncertainty and/or increase profit as is common in the
traditional lump-sum contract. That also explained why, under an IFOA, the GC often trusts
estimates provided trade partners, as is the case at CHH. As suggested from the case studies, any
contingency or buffer that is considered necessary by the team should be set aside as a separate
cost item, it should be monitored when the design progresses. When the project team has more
detailed information, the contingency/buffer may become an actual cost item or may be
eliminated.

The case studies presented in this dissertation highlight the benefit of using process-based
tools (e.g., process map, CBA, ABC, and model-based process simulation) and technological
tools (e.g., BIM applications, OBDC, and LeanEst) that help implement PBCM. Process
mapping helps the team specify activities and their sequence and identify waste in the process. A
baseline process can be created by removing waste from the current state process map. As
suggested by the case studies, this process map could be used to collect process data in order to
separate real process cost and cost of process waste. This classification will help estimators make
a more accurate estimate on process cost and resource needs. CBA helps the team to trade off
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both cost and non-cost factors and aligns the team’s design decisions with target values. BIM and
process simulation help to visualize product and process to the design team. OBDC creates a bi-
directional data connection between a process map and a cost database and keeps the two
versions of the data synchronized. LeanEst helps to link a BIM object to cost and process data in
order to provide rapid cost feedback to designers.

8.4 FUTURE RESEARCH

This dissertation delivered a proof of concept for PBCM. It illustrated the applicability of PBCM
during Design Development in an IPD setting. Since action research seeks to find solutions that
are “localized” for specific situations, the results of action research are not necessarily
generalizable for broad application (Stringer 2007). Further case studies should be conducted on
different types of products or systems to test and to further refine steps that should be included in
the implementation of PBCM during Design Development. In addition, as discussed in section
8.1.2.1, further research is required to investigate the application of PBCM during Conceptual
Design and Construction Document phases.

Based on this research, it seems that PBCM should be implemented to estimate costs for
products or systems that have been sufficiently defined for process analysis. The low level of
detail of a product design may prevent the cross-functional team from effectively discussing
process design alternatives. In contrast, the high level of detail of a product design may cause
waste and rework in the re-design process when the cross-functional team decides to change or
eliminate the product design. Therefore, further research is required to determine the most
preferred level of detail of a product design for PBCM to start.

The application of PBCM requires cross-organizational collaboration. Different participants
in a project team may use different BIM applications and different cost database platforms. The
interoperability of BIM applications and database platforms is important for designers,
engineers, and specialty contractors to effectively exchange product, process, and cost
information. Further research is needed to address the technical difficulties in integrating product
models and cost data between various platforms for an effective application of PBCM.

As presented in this research, the PBCM uses the most likely activity durations and the most
likely activity unit costs provided by trade partners to perform cost estimating, hence the result of
the PBCM provides a point estimate. This approach does not fully address the fact that there is a
range of possible outcomes; some outcomes are more probable than others. In contrast, a
stochastic model would use random variables to look at what the expected conditions of the
project might be. As a result, a distribution of outcomes is available which shows not only the
most likely estimate but also what ranges are reasonable. Chapter 5 revealed that it was possible
to collect stochastic input data for PBCM but it may be costly to do so on a large scale. Further
research is needed to evaluate the merit as well as the challenge of extending PBCM with
stochastic values.

As revealed in Chapter 6, in order to estimate the cost of the VDW system using PBCM, the
IPD team at CHH took into account the cost impact of the interaction between individual
components, i.e., between the VDWs, the T-shaped steels, and the girders. That helped the team
to factor the possible work stoppage, work-space interference, productivity gains/losses, etc., into
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their estimates. In this aspect, a system-based estimating approach seems to be more rational than
a component-based estimating approach (refer to section 1.3.1). Further research is needed to
spell out the advantage as well as the accuracy of the system-based estimating approach in
comparison to the component-based estimating approach.

A project team can validate a PBCM using feedback of actual costs to review and adjust the
process- and cost data as well as to adjust PBCM for estimating costs of future projects. Further
research is required to study the mechanism of adjusting PBCM based on feedback from the
actual cost data.

As presented in Chapters 4 and 7, the proposed process cost database structure that contains
an activity cost table and a unit cost table worked effectively in the VDW case study. However,
that database structure should be evaluated in a larger scale application when it involves
hundreds of product or more. Further research is required to optimize the process cost database
structure for a large scale application of PBCM. In addition, as mentioned in section 8.1.2.1, the
level of process detail required to evaluate alternatives of process design towards the end of the
Design Development phase or during the Construction Document phase may result in increasing
the size of the process- and cost database. Further research is needed to identify and address the
issue of a large database that may affect the effective application of the PBCM.

As a proof of concept, LeanEst was developed to work specifically with the Autodesk Revit
Architecture modeling software, a popular platform for product modeling during the Design
Development phase. However, it is common for different members in an IPD team to use
different modeling software that meets their specific needs of product design. Further research is
required to advance LeanEst so that it could exchange process- and cost data with different
product modeling software. In addition, LeanEst’s ability to link process- and cost data,
including activities’ names, durations, and resources in a BIM model creates another interesting
research opportunity to automate the model-based process simulation.

Research presented in this dissertation reviewed limitations of traditional cost modeling
methods and explored how a PBCM may be established and applied to support TVD in a
LPDS™. It demonstrated that PBCM was more effective in supporting TVD than traditional cost
estimating methods were during Design Development. Based on case-study findings, | expect
PBCM can be applied more broadly to support TVD. Future research is necessary to refine steps
of PBCM and further advance tools to facilitate the implementation of PBCM.
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APPENDIX A. AVAILABLE TOOLS/SOLUTIONS FOR MODEL-
BASED PROCESS SIMULATION

A.1 AUTODESK NAVISWORKS 2009

The Autodesk Navisworks 2009 product family comprises three 3D design review software
products and one free viewer application. Among them, Navisworks Manage and Navisworks
Simulation offer 4D scheduling capability. Navisworks is capable of opening and combining
files in all the popular and critical file formats including Industry Foundation Classes (IFC). It
offers file converters for design applications such as Revit and ArchiCAD. Navisworks reduces
the size of a file significantly since Navisworks represents an object by its surfaces instead of
being a solid object. Navisworks Timeliner can import schedules from Primavera P6, SureTrak,
and Microsoft Project. The 4D construction simulation in Navisworks Timeliner works by
linking the 3D model with a construction schedule. 3D objects can be selected and manually
attached to tasks. Timeliner also allows automatic generation of tasks according to selection sets,
layers, or object names.

All the individual tasks from the linked task schedule file can be imported, associated with a
task type such as Construct, Demolish, or Temporary, and finally, assigned the model items that
need to be associated with them. After all the items in the model have been assigned to tasks, the
display settings for the simulation can be defined and the simulation can be played, showing the
sequence in which the project will be built. Navisworks TimeLiner also allows the export of
images and animations based on the results of the simulation. Once the model objects are linked
to tasks in a schedule, TimeLiner can update the simulation if the model or schedule changes
(Khemlani 2008a).

Navisworks allows object animation using its Animator tool. This feature gives Navisworks a
big advantage over other 4D scheduling software. Using Animator, users can add animations to
objects; users can also write scripts to control the animation. This makes simulations of site
construction processes look more realistic. For example, users may animate the movement of
trucks, materials, or cranes on a construction site.

However, Navisworks does not have object editing capabilities; it does not allow objects to
be divided into parts (i.e., concrete slab) for phasing in scheduling; and it does not integrate with
cost estimating applications. Table A.1 summarizes features and advantages of Navisworks in
comparison to other model-based process simulation applications.

A.2Vico 2008
Vico's suite consists of the following six components:

e Vico Constructor 2008, to create 3D models as the foundation for the other tools

e Vico Estimator 2008, for model-based estimating

« Vico Control 2008, for location-based scheduling

e Vico 5D Presenter 2008, to see the 3D model, the schedule, and the cost estimate in one
view

e Vico Cost Manager 2008, to monitor and control changes to a project’s cost
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« Vico Change Manager 2008, to track revisions for consistency across all representations
Vico Control is a solution for 4D scheduling. It differentiates itself from other 4D solutions
by using a recipe to contain object data and by employing location-based scheduling.

As illustrated in Figure A.1, a recipe is mapped to a 3D object to create a linkage between the
3D model and the cost estimation and scheduling modules. The recipe contains methods (i.e.,
tasks) for which it is known what resources are required per unit work.

3D production model

Methods

Figure A.1 Vico’s recipe (courtesy of Vico)

Vico Control is characterized by location-based scheduling (Line of Balance) (Kankainen
and Seppénen 2003). In a location-based schedule, locations are represented on the vertical axis
and project time on the horizontal axis. The lines represent construction operations by crews as
illustrated in figure A.1. Calculation of durations is based on (1) the amount of work calculated
from the bill of quantities, (2) resources, and (3) the estimated production rate.

Visualization advantages of location-based scheduling:

¢ When a location-based schedule shows several tasks that begin in the same location at the
same time, this is a sign of congestion in that location.

e Empty spaces on a location-based schedule mean there is no work going on in these areas
at the given time. These locations should be utilized to alleviate congestion or to
accelerate the schedule.

e A task with broken lines indicates discontinuities of work-flow in which specialty
contractors need to start and stop working multiple times. This cause extra mobilization
and demobilizations or redirection of resource to work on other areas to keep them busy,
resulting in out-of-sequence of work and potentially additional congestion.
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Figure A.2 Example of a location-based schedule (courtesy of Vico)

Some techniques to avoid conflicts and congestions in location-based scheduling:

e Besides breaking down the building floor by floor, separate each floor to smaller areas
(zoning) to avoid stacking of trades and allow a better workflow through the project.

e Organize schedule by trades to allow better evaluation of crew continuity.

e Be able to adjust the number and size of crews to better suit the available work areas.
This helps minimize multiple mobilizations and demobilizations.

e Link quantity to task to ensure reasonable schedule durations and allow effective plan
percent complete tracking and schedule forecasting.

Synchronization and pacing are two main principles used to minimize the variations shown
in Figure A.3 and to plan for a better work-flow. By synchronizing tasks, a planner aims to
achieve a similar production rate for activities. A synchronized schedule is characterized by
parallel lines that show a constant time buffer and space buffer between tasks. Pacing means that
the activities are scheduled to continue from one location to another without interruptions
(Jongeling and Olofsson 2007).

In general, high rise buildings such as the CHH project could benefit from location-based
scheduling due to the repetitive nature of construction activities between floors. Especially when
limited work space and trade interference are potential problems, location-based scheduling
would be an appropriate solution for visualization and to optimize work space usage.
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1. Same activity in several locations at the same time - Continuing tasks of equal duration

2. Crossing of activities - Standard production rate

3. No time and space buffer - Activities have time and space buffers

4. Several activities start at the same day - Slacks at start- and end time

5. and 6. inefficient use of time - Work divided equally over construction time

Figure A.3 (Left) Common scheduling variation types in a location-based schedule.
(Right) Typical solutions to address variation in a location-based schedule (Jongeling and
Olofsson 2007)

Table A.1 summarizes features and advantages of Vico Control in comparison to other
model-based process simulation applications.

A.3 TEKLA STRUCTURES 15

Besides providing modeling and detailing capabilities, Tekla now provides tools for construction
management which allow users to manage and track project status.

Tekla Structures support various neutral file formats such as IFC, SDNF, CIS/2, and DXF,
and also provides an API (application programming interface) built using .NET standards for
easy access to both 3D geometry and project data. A Tekla model can be exported as an IFC file
and opened in other BIM applications. Tekla provides a light-weight web-model publishing
capability to communicate model views to other project stakeholders. Models in IFC, DWG, and
DGN formats can be imported as reference models in Tekla Structures. Tekla can check clashes
between the Tekla model and reference models. Tekla proactively facilitates clash detection at
the time of design to resolve conflicts and constructability issues. That is more efficient in
contrast to doing clash detection reactively during the design coordination stages. Due to a data
structure that keeps file sizes low, Tekla Structures is capable of working on large projects
(Khemlani 2008b).

Tekla Construction Management is one programming module added to Tekla Structures
since the version 14.1. With Tekla Structures 15, the Construction Management module can
import other models such as architecture, MEP, and structural in IFC format as reference models
to allow the team to work from one consolidated model for construction management. Tekla
Construction Management does not provide object editing as it needs to preserve model integrity,
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but it allows users to separate models or slabs into zones for location-based scheduling. In
addition, users can use Tekla’s tools to view the properties of the objects in the models as well as
attach additional attributes to them such as cost, phase, RFI number, and change order number.

The Construction Management module also allows scheduling data to be imported from
Microsoft Office Project and Primavera P6. Individual tasks can be created within Tekla
Structures using its Task Manager interface, which can be used to manage scheduled tasks and
link tasks to their corresponding elements. The tasks can be used to create color-coded model
views and 4D simulations of how the project is going according to its schedule. The Construction
Management module also allows automated quantity take-off in formats such as text, Excel,
HTML, and relational database (Khemlani 2008b). These files can be integrated with estimating
applications such as Sage Timberline. Table A.1 summarizes features and advantages of Tekla
CM in comparison to other model-based process simulation applications.

A.4 GOOGLE — SKETCHUP PR0O 6.0

SketchUp Pro 6.0 has limited functions for 4D scheduling but it can be used as a support tool for
modeling equipment and temporary works to serve 4D scheduling and animation in other BIM
applications. SketchUp is a surface modeling tool provided by Google, it is simple and
affordable. SketchUp is not an object modeler and it is often used as a sketching tool to
demonstrate size, shape, location, and appearance of objects. Due to its simplicity, SketchUp
can be used to quickly convey the essential information about a situation (mostly related to size,
location, and appearance) into a 3D model. A SketchUp model can be imported and appended to
other models using NavisWorks. Once in NavisWorks, it is possible to run a clash detection with
the SketchUp model, or to use it in NavisWorks’ Time Liner or Animator. At CHH, modelers
found it very efficient to import construction equipment and site objects such as tower cranes,
trucks, and formwork from Sketchup to Navisworks for 4D simulation.
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Table A.1 Comparison of capabilities of selected 4D solutions

# |Factors Innovaya Visual Synchro Navisworks Timeliner Vico control Tekla CM
Simulation
1|Model import Can import files in INV Can import files in: Can import files in: Can import files in: Can import files in:
format only. INV -3D CAD - Revit - Revit - Tekla
composers are available for |- DWF -3D CAD - ArchiCAD -IFC
Revit and 3D CAD - Sketchup (.skp) -1FC -3D CAD
- Sketchup and many others -IFC
2|Schedule import - Microsoft Project - Microsoft Project (.xml |- Microsoft Project - Microsoft Project - Microsoft Project
template) - Primavera 4-6 - Primavera - Primavera
- Primavera - Asta Power

w

Ability to create schedule
without importing

Yes, tasks can be created
using existing building
section names or object
names. Convenient.

Yes. Not very convenient.

Yes, tasks can be created using
names of object, selection set,
or layer. Very convenient.

Yes, tasks can be created using
existing building section
names or object names.
Convenient.

Yes, tasks can be created
using a Task Manager
interface. Convenient.

4|Updating/synchronizing
ability when 3D model or
schedule changes

Yes, simulation can be
updated by reimporting the
updated 3D model in INV
format

Yes, by reimporting the
updated 3D model in dwf
format

Yes, by reimporting the updated

3D model in nwd format. More
convenient.

Yes, by reimporting the
updated 3D model

Yes, by reimporting the
updated 3D model

5|Tutorial

Simple, lack of detail

Fair, Somewhat difficult to
follow

Very detailed, easy to follow

Very detailed, easy to follow

Very detailed, easy to follow

6|Ease of use

Very easy to use, but due to
lack of function

Easy to use

Very easy to use

Easy to use

Easy to use

7|Navigation

Simple, basic navigation
tools. Able to hide/display
objects

Better navigation tools.
Not able to hide/display
objects

Much better navigation tools.
Easy to look closely at any
object

Much better navigation tools.
Easy to look closely at any
object

Much better navigation tools.
Easy to look closely at any
object

8|Software has been used in
large projects

No information available

No information available

Yes, many projects

Yes, some projects

Has just been released

9|Resource allocation ability | Yes Yes No Yes Yes

10|Display object cost and No Yes, display both cost and |No Yes, display both cost and risk [Yes, display cost information
risk information risk information information

11]Ability to link simulation  |No No Yes No Yes
and clash detection

12 Ability to devide model No No No Yes Yes
into zones

13 Ability to link to cost No No No Yes, link to Vico Cost Yes, through Microsoft Excel

estimating/control
software

Manager




APPENDIX B. EZSTROBE® SIMULATION RESULTS

This Appendix shows simulation results of the current state model (Table B1) and the future
state model (Table B2) of the window case study in Chapter 5.

Table B1 (1 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration | Man-hours # Duration [Man-hours
(hour) (hour) (hour)

1| 201.010 1206.060 51| 203.043| 1218.258 101| 203.619| 1221.714
2| 201.017 1206.102 52| 203.046| 1218.276 102| 203.621| 1221.726
3| 201.330 1207.980 53| 203.050] 1218.300 103| 203.630| 1221.780
4] 201.338 1208.028 54| 203.056] 1218.336 104| 203.640| 1221.840
5 202.053 1212.318 55| 203.060| 1218.360 105| 203.641| 1221.846
6 202.062 1212.372 56| 203.061| 1218.366 106 203.643| 1221.858
7\ 202.159 1212.954 57| 203.076] 1218.456 107| 203.650| 1221.900
8| 202.169 1213.014 58 203.104| 1218.624 108 203.650| 1221.900
9] 202.317 1213.902 59 203.111| 1218.666 109| 203.662| 1221.972
10| 202.328 1213.968 60| 203.120| 1218.720 110| 203.662| 1221.972
11| 202.362 1214.172 61| 203.128| 1218.768 111| 203.665| 1221.990
12| 202.374 1214.244 62| 203.144| 1218.864 112| 203.666| 1221.996
13| 202.381 1214.286 63| 203.162| 1218.972 113| 203.673| 1222.038
14| 202.394 1214.364 64 203.194| 1219.164 114] 203.679| 1222.074
15| 202.419 1214.514 65| 203.208| 1219.248 115| 203.686| 1222.116
16| 202.425 1214.550 66| 203.213| 1219.278 116| 203.686| 1222.116
17| 202.433 1214.598 67| 203.219| 1219.314 117| 203.688| 1222.128
18| 202.440 1214.640 68| 203.228| 1219.368 118 203.691| 1222.146
19| 202.498 1214.988 69| 203.237| 1219.422 119] 203.692| 1222.152
20| 202.514 1215.084 70| 203.240| 1219.440 120| 203.696| 1222.176
21| 202.566 1215.396 71| 203.244| 1219.464 121| 203.701| 1222.206
22| 202.583 1215.498 72| 203.254| 1219.524 122| 203.710| 1222.260
23| 202.644 1215.864 73| 203.256| 1219.536 123| 203.717| 1222.302
24| 202.657 1215.942 74 203.259| 1219.554 124 203.720| 1222.320
25| 202.662 1215.972 75 203.262| 1219.572 125| 203.728| 1222.368
26| 202.676 1216.056 76 203.267| 1219.602 126] 203.730| 1222.380
27| 202.696 1216.176 77| 203.269| 1219.614 127| 203.733| 1222.398
28| 202.716 1216.296 78| 203.278| 1219.668 128| 203.742| 1222.452
29| 202.727 1216.362 79| 203.281| 1219.686 129| 203.746| 1222.476
30| 202.733 1216.398 80| 203.302| 1219.812 130| 203.748| 1222.488
31| 202.748 1216.488 81| 203.310f 1219.860 131| 203.762| 1222.572
32| 202.755 1216.530 82| 203.318] 1219.908 132| 203.841| 1223.046
33| 202.760 1216.560 83| 203.327| 1219.962 133| 203.850| 1223.100
34| 202.783 1216.698 84| 203.349| 1220.094 134| 203.853| 1223.118
35| 202.817 1216.902 85| 203.359| 1220.154 135| 203.856| 1223.136
36| 202.841 1217.046 86 203.375| 1220.250 136 203.863| 1223.178
37| 202.868 1217.208 87| 203.386| 1220.316 137| 203.866| 1223.196
38| 202.891 1217.346 88| 203.398| 1220.388 138| 203.870| 1223.220
39| 202.893 1217.358 89| 203.410| 1220.460 139| 203.879| 1223.274
40( 202.898 1217.388 90| 203.481| 1220.886 140 203.881| 1223.286
41| 202.904 1217.424 91| 203.494| 1220.964 141| 203.891| 1223.346
42| 202.912 1217.472 92 203.519| 1221.114 142] 203.898| 1223.388
43| 202.918 1217.508 93| 203.533] 1221.198 143| 203.901| 1223.406
44| 202.927 1217.562 94| 203.536| 1221.216 144| 203.903| 1223.418
45( 202.986 1217.916 95| 203.551| 1221.306 145 203.911| 1223.466
46 202.989 1217.934 96| 203.574| 1221.444 146 203.911| 1223.466
47| 202.996 1217.976 97 203.581| 1221.486 147] 203.922| 1223.532
48( 203.000 1218.000 98| 203.590| 1221.540 148| 203.925| 1223.550
49( 203.038 1218.228 99| 203.598| 1221.588 149 203.926| 1223.556
50| 203.043 1218.258 100f 203.601| 1221.606 150| 203.934| 1223.604
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Table B1 (2 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration |Man-hours
(hour) (hour) (hour)
151] 203.946 1223.676 201| 204.133| 1224.798 251| 204.386| 1226.316
152| 203.950 1223.700 202| 204.148| 1224.888 252| 204.391| 1226.346
153] 203.951 1223.706 203| 204.160 1224.960 253| 204.392| 1226.352
154| 203.954 1223.724 204| 204.167| 1225.002 254| 204.395| 1226.370
155| 203.957 1223.742 205| 204.176| 1225.056 255| 204.397| 1226.382
156] 203.958 1223.748 206| 204.180( 1225.080 256| 204.400| 1226.400
157] 203.958 1223.748 207| 204.184| 1225.104 257| 204.407| 1226.442
158| 203.962 1223.772 208| 204.190( 1225.140 258| 204.412| 1226.472
159| 203.966 1223.796 209| 204.198| 1225.188 259| 204.414| 1226.484
160| 203.968 1223.808 210| 204.199| 1225.194 260| 204.416| 1226.496
161] 203.970 1223.820 211| 204.214| 1225.284 261| 204.417| 1226.502
162| 203.970 1223.820 212| 204.229| 1225.374 262| 204.420| 1226.520
163] 203.971 1223.826 213| 204.246| 1225.476 263| 204.421| 1226.526
164| 203.977 1223.862 214| 204.249| 1225.494 264| 204.425| 1226.550
165| 203.981 1223.886 215| 204.257| 1225.542 265| 204.429| 1226.574
166] 203.982 1223.892 216| 204.258| 1225.548 266| 204.432| 1226.592
167| 203.990 1223.940 217| 204.262| 1225.572 267| 204.435| 1226.610
168| 204.005 1224.030 218| 204.266| 1225.596 268| 204.440| 1226.640
169| 204.008 1224.048 219| 204.267| 1225.602 269| 204.445| 1226.670
170] 204.009 1224.054 220| 204.276| 1225.656 270| 204.450| 1226.700
171] 204.019 1224.114 221| 204.278| 1225.668 271| 204.458| 1226.748
172] 204.020 1224.120 222| 204.283| 1225.698 272| 204.467| 1226.802
173] 204.023 1224.138 223| 204.283| 1225.698 273| 204.472| 1226.832
174] 204.025 1224.150 224| 204.288| 1225.728 274| 204.476| 1226.856
175] 204.026 1224.156 225| 204.288| 1225.728 275| 204.482| 1226.892
176] 204.032 1224.192 226| 204.292| 1225.752 276| 204.487| 1226.922
177] 204.036 1224.216 227| 204.303| 1225.818 277| 204.488| 1226.928
178| 204.037 1224.222 228| 204.306| 1225.836 278| 204.498| 1226.988
179] 204.044 1224.264 229| 204.307| 1225.842 279| 204.500| 1227.000
180| 204.051 1224.306 230| 204.310f 1225.860 280| 204.503| 1227.018
181] 204.056 1224.336 231| 204.312| 1225.872 281| 204.506| 1227.036
182| 204.064 1224.384 232| 204.312| 1225.872 282| 204.507| 1227.042
183| 204.065 1224.390 233| 204.315( 1225.890 283| 204.516| 1227.096
184| 204.079 1224.474 234| 204.317| 1225.902 284| 204.520| 1227.120
185| 204.083 1224.498 235| 204.321| 1225.926 285| 204.522| 1227.132
186] 204.083 1224.498 236| 204.331| 1225.986 286| 204.529| 1227.174
187| 204.085 1224.510 237| 204.336| 1226.016 287| 204.538| 1227.228
188| 204.087 1224.522 238| 204.340( 1226.040 288| 204.544| 1227.264
189| 204.096 1224.576 239| 204.341| 1226.046 289| 204.545| 1227.270
190| 204.099 1224.594 240| 204.347| 1226.082 290| 204.545| 1227.270
191] 204.101 1224.606 241| 204.349| 1226.094 291| 204.547| 1227.282
192| 204.102 1224.612 242| 204.351| 1226.106 292| 204.554| 1227.324
193] 204.103 1224.618 243| 204.351| 1226.106 293| 204.554| 1227.324
194| 204.107 1224.642 244 204.352| 1226.112 294| 204.555| 1227.330
195| 204.107 1224.642 245| 204.362| 1226.172 295| 204.562| 1227.372
196] 204.108 1224.648 246| 204.365( 1226.190 296| 204.562| 1227.372
197] 204.110 1224.660 247| 204.366| 1226.196 297| 204.564| 1227.384
198| 204.110 1224.660 248| 204.370( 1226.220 298| 204.567| 1227.402
199| 204.120 1224.720 249| 204.374| 1226.244 299| 204.569| 1227.414
200| 204.122 1224.732 250| 204.374| 1226.244 300 204.573| 1227.438
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Table B1 (3 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration |[Man-hours
(hour) (hour) (hour)
301] 204.575 1227.450 351| 204.799 1228.794 401 205.023] 1230.138
302| 204.160 1224.960 352| 204.800| 1228.800 402| 205.028] 1230.168
303| 204.167 1225.002 353| 204.805| 1228.830 403| 205.042| 1230.252
304 204.176 1225.056 354 204.807| 1228.842 404| 205.043| 1230.258
305| 204.180 1225.080 355 204.807| 1228.842 405| 205.045] 1230.270
306| 204.184 1225.104 356 204.816] 1228.896 406| 205.046] 1230.276
307| 204.190 1225.140 357 204.821 1228.926 407 205.048] 1230.288
308| 204.198 1225.188 358| 204.827 1228.962 408 205.062] 1230.372
309| 204.199 1225.194 359 204.829| 1228.974 409| 205.063| 1230.378
310| 204.214 1225.284 360 204.831] 1228.986 410| 205.077] 1230.462
311| 204.229 1225.374 361| 204.839| 1229.034 411| 205.081] 1230.486
312| 204.246 1225.476 362| 204.845| 1229.070 412| 205.087] 1230.522
313| 204.249 1225.494 363| 204.846 1229.076 413 205.105] 1230.630
314 204.257 1225.542 364| 204.850 1229.100 4141 205.111] 1230.666
315| 204.258 1225.548 365| 204.855 1229.130 415 205.112] 1230.672
316| 204.262 1225.572 366 204.856] 1229.136 416]| 205.113] 1230.678
317| 204.266 1225.596 367| 204.856] 1229.136 417| 205.128] 1230.768
318| 204.267 1225.602 368| 204.857| 1229.142 418| 205.136] 1230.816
319| 204.276 1225.656 369| 204.857| 1229.142 419]| 205.148] 1230.888
320] 204.278 1225.668 370] 204.866 1229.196 420 205.154] 1230.924
321| 204.283 1225.698 371 204.867 1229.202 421 205.156] 1230.936
322| 204.283 1225.698 372 204.873 1229.238 422 205.171] 1231.026
323| 204.288 1225.728 373| 204.880] 1229.280 423| 205.171] 1231.026
324| 204.288 1225.728 374 204.881| 1229.286 424]| 205.178] 1231.068
325| 204.292 1225.752 375 204.891| 1229.346 425| 205.180] 1231.080
326] 204.303 1225.818 376] 204.894 1229.364 426] 205.187| 1231.122
327 204.306 1225.836 377 204.899 1229.394 4271 205.188] 1231.128
328| 204.307 1225.842 378] 204.908 1229.448 428 205.195] 1231.170
329| 204.310 1225.860 379 204.922| 1229.532 429]| 205.196] 1231.176
330| 204.312 1225.872 380 204.930] 1229.580 430| 205.205] 1231.230
331| 204.312 1225.872 381| 204.931] 1229.586 431] 205.208| 1231.248
332| 204.315 1225.890 382| 204.932 1229.592 432 205.210] 1231.260
333| 204.317 1225.902 383| 204.935 1229.610 433 205.227] 1231.362
334| 204.321 1225.926 384 204.940 1229.640 4341 205.228] 1231.368
335| 204.331 1225.986 385 204.958| 1229.748 435| 205.228| 1231.368
336| 204.336 1226.016 386 204.968| 1229.808 436| 205.236] 1231.416
337| 204.340 1226.040 387| 204.980| 1229.880 437| 205.238] 1231.428
338| 204.341 1226.046 388| 204.985| 1229.910 438| 205.238| 1231.428
339| 204.347 1226.082 389| 204.986| 1229.916 439]| 205.243| 1231.458
340| 204.349 1226.094 390| 204.989 1229.934 440 205.244| 1231.464
341| 204.351 1226.106 391| 204.995| 1229.970 441| 205.244| 1231.464
342| 204.351 1226.106 392 204.996| 1229.976 442| 205.261] 1231.566
343| 204.352 1226.112 393| 205.001] 1230.006 443| 205.266] 1231.596
344 204.362 1226.172 394 205.004| 1230.024 444| 205.268| 1231.608
345| 204.365 1226.190 395 205.005| 1230.030 445| 205.277] 1231.662
346| 204.366 1226.196 396| 205.006f 1230.036 446| 205.287| 1231.722
347| 204.370 1226.220 397| 205.011 1230.066 4471 205.291| 1231.746
348| 204.374 1226.244 398 205.011] 1230.066 448| 205.291| 1231.746
349| 204.374 1226.244 399 205.012| 1230.072 449| 205.295| 1231.770
350 204.386 1226.316 400| 205.014| 1230.084 450| 205.302] 1231.812
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Table B1 (4 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration [ Man-hours # | Duration [Man-hours
(hour) (hour) (hour)
451| 205.307 1231.842 501| 205.427| 1232.562 551 205.520| 1231.872
452| 205.312 1231.872 502| 205.429| 1232.574 552 205.522| 1231.878
453| 205.313 1231.878 503| 205.429| 1232.574 553| 205.526| 1231.896
454| 205.316 1231.896 504| 205.431| 1232.586 554 205.526| 1231.908
455| 205.318 1231.908 505| 205.434| 1232.604 555 205.527| 1231.938
456| 205.323 1231.938 506 205.435| 1232.610 556 205.530| 1231.950
457| 205.325 1231.950 507| 205.436| 1232.616 557 205.533| 1231.956
458| 205.326 1231.956 508| 205.439| 1232.634 558| 205.534| 1232.004
459| 205.334 1232.004 509| 205.439| 1232.634 559| 205.536] 1232.004
460| 205.334 1232.004 510| 205.440| 1232.640 560| 205.538] 1232.028
461| 205.338 1232.028 511| 205.440| 1232.640 561 205.540| 1232.064
462| 205.344 1232.064 512| 205.441| 1232.646 562 205.549| 1232.064
463| 205.344 1232.064 513| 205.446| 1232.676 563| 205.564| 1232.064
464| 205.344 1232.064 514| 205.447| 1232.682 564 205.564| 1232.076
465| 205.346 1232.076 515| 205.448| 1232.688 565 205.567| 1232.112
466| 205.352 1232.112 516| 205.449| 1232.694 566 205.576| 1232.130
467| 205.355 1232.130 517| 205.450| 1232.700 567| 205.576| 1232.136
468| 205.356 1232.136 518| 205.450 1232.700 568 205.577| 1232.142
469| 205.357 1232.142 519 205.454 1232.724 569 205.578| 1232.148
470| 205.358 1232.148 520| 205.454| 1232.724 570 205.579| 1232.154
471| 205.359 1232.154 521| 205.455| 1232.730 571 205.581| 1232.178
472| 205.363 1232.178 522| 205.457| 1232.742 572 205.582| 1232.184
473| 205.364 1232.184 523| 205.457| 1232.742 573| 205.586| 1232.196
474 205.366 1232.196 524| 205.459| 1232.754 574 205.589| 1232.232
475| 205.372 1232.232 525| 205.464| 1232.784 575 205.591| 1232.244
476| 205.374 1232.244 526| 205.465| 1232.790 576 205.591| 1232.262
477 205.377 1232.262 5271 205.467 1232.802 5771 205.595| 1232.262
478| 205.377 1232.262 528| 205.468 1232.808 578] 205.595| 1232.280
479 205.380 1232.280 529| 205.470| 1232.820 579 205.595| 1232.286
480| 205.381 1232.286 530| 205.471| 1232.826 580 205.598| 1232.292
481| 205.382 1232.292 531| 205.472| 1232.832 581 205.600| 1232.334
482| 205.389 1232.334 532| 205.475| 1232.850 582 205.605| 1232.358
483| 205.393 1232.358 533| 205.475| 1232.850 583| 205.605| 1232.376
484 205.396 1232.376 534| 205.479 1232.874 584| 205.605| 1232.382
485| 205.397 1232.382 535| 205.483| 1232.898 585 205.609| 1232.400
486 205.400 1232.400 536| 205.486 1232.916 586 205.612| 1232.412
487 205.402 1232.412 537 205.487 1232.922 587 205.617| 1232.412
488| 205.402 1232.412 538| 205.491 1232.946 588 205.621| 1232.418
489| 205.403 1232.418 539| 205.492| 1232.952 589| 205.624| 1232.424
490| 205.404 1232.424 540| 205.492| 1232.952 590 205.629| 1232.436
491| 205.406 1232.436 541| 205.493| 1232.958 591| 205.630| 1232.436
492| 205.406 1232.436 542| 205.494| 1232.964 592 205.631| 1232.454
493| 205.409 1232.454 543| 205.496| 1232.976 593| 205.634| 1232.466
494 205.411 1232.466 544| 205.497 1232.982 594 205.642| 1232.496
495 205.416 1232.496 545| 205.497 1232.982 595| 205.649| 1232.496
496| 205.416 1232.496 546| 205.505| 1233.030 596| 205.658| 1232.502
497| 205.417 1232.502 547| 205.507 1233.042 597| 205.668| 1232.526
498| 205.421 1232.526 548| 205.513| 1233.078 508 205.678| 1232.544
499| 205.424 1232.544 549| 205.515| 1233.090 599 205.680| 1232.550
500 205.425 1232.550 550 205.517| 1233.102 600 205.684| 1232.562
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Table B1 (5 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration [Man-hours
(hour) (hour) (hour)
601] 205.691 1234.146 651| 205.857 1235.142 701] 206.016| 1236.096
602| 205.696 1234.176 652| 205.865| 1235.190 702| 206.017| 1236.102
603| 205.701 1234.206 653| 205.870] 1235.220 703| 206.032 1236.192
604| 205.714 1234.284 654| 205.871] 1235.226 704| 206.036| 1236.216
605] 205.716 1234.296 655| 205.874 1235.244 705| 206.037| 1236.222
606| 205.717 1234.302 656| 205.875| 1235.250 706| 206.044| 1236.264
607| 205.718 1234.308 657| 205.875| 1235.250 707| 206.047| 1236.282
608| 205.731 1234.386 658| 205.876] 1235.256 708| 206.052| 1236.312
609| 205.731 1234.386 659| 205.876] 1235.256 709| 206.052| 1236.312
610] 205.731 1234.386 660| 205.877| 1235.262 710| 206.054| 1236.324
611| 205.734 1234.404 661| 205.877] 1235.262 711| 206.055( 1236.330
612| 205.742 1234.452 662| 205.886] 1235.316 712| 206.060( 1236.360
613| 205.746 1234.476 663| 205.898| 1235.388 713| 206.061| 1236.366
614| 205.748 1234.488 664| 205.898| 1235.388 714| 206.062| 1236.372
615| 205.748 1234.488 665| 205.899] 1235.394 715| 206.065( 1236.390
616| 205.750 1234.500 666| 205.902| 1235.412 716| 206.071| 1236.426
617| 205.754 1234.524 667| 205.905| 1235.430 717 206.072| 1236.432
618| 205.760 1234.560 668| 205.906] 1235.436 718| 206.079| 1236.474
619| 205.765 1234.590 669| 205.909] 1235.454 719| 206.080( 1236.480
620| 205.768 1234.608 670 205.912| 1235.472 720| 206.084| 1236.504
621| 205.771 1234.626 671| 205.914| 1235.484 721| 206.091| 1236.546
622| 205.776 1234.656 672| 205.918] 1235.508 722| 206.093| 1236.558
623| 205.776 1234.656 673| 205.921] 1235.526 723| 206.093| 1236.558
624| 205.779 1234.674 674 205.931 1235.586 724 206.093| 1236.558
625| 205.780 1234.680 675| 205.939] 1235.634 725| 206.095( 1236.570
626| 205.799 1234.794 676| 205.942| 1235.652 726| 206.102| 1236.612
627| 205.803 1234.818 677| 205.943] 1235.658 727| 206.107| 1236.642
628| 205.805 1234.830 678| 205.947| 1235.682 728| 206.110( 1236.660
629| 205.809 1234.854 679| 205.950| 1235.700 729| 206.111| 1236.666
630| 205.809 1234.854 680| 205.951] 1235.706 730 206.113| 1236.678
631| 205.810 1234.860 681| 205.955| 1235.730 731| 206.113| 1236.678
632| 205.811 1234.866 682| 205.955| 1235.730 732| 206.116| 1236.696
633| 205.813 1234.878 683| 205.955| 1235.730 733| 206.121| 1236.726
634| 205.813 1234.878 684| 205.961| 1235.766 734 206.133| 1236.798
635| 205.813 1234.878 685| 205.964| 1235.784 735| 206.134| 1236.804
636| 205.816 1234.896 686| 205.966] 1235.796 736| 206.136| 1236.816
637| 205.817 1234.902 687| 205.967|] 1235.802 737| 206.138| 1236.828
638| 205.819 1234.914 688| 205.967| 1235.802 738| 206.138| 1236.828
639| 205.821 1234.926 689| 205.971] 1235.826 739| 206.154| 1236.924
640| 205.824 1234.944 690| 205.981] 1235.886 740| 206.159| 1236.954
641| 205.825 1234.950 691| 205.984| 1235.904 741| 206.162| 1236.972
642| 205.826 1234.956 692| 205.985| 1235.910 742| 206.177| 1237.062
643| 205.836 1235.016 693| 205.986| 1235.916 743| 206.179| 1237.074
644| 205.837 1235.022 694| 205.987| 1235.922 744| 206.184| 1237.104
645| 205.850 1235.100 695| 205.994| 1235.964 745| 206.191| 1237.146
646| 205.852 1235.112 696| 205.994| 1235.964 746| 206.196| 1237.176
647 205.854 1235.124 697| 206.004 1236.024 747 206.200| 1237.200
648| 205.854 1235.124 698| 206.008 1236.048 748| 206.202| 1237.212
649| 205.856 1235.136 699| 206.008| 1236.048 749| 206.202 1237.212
650| 205.857 1235.142 700] 206.011] 1236.066 750| 206.202| 1237.212
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Table B1 (6 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration [Man-hours
(hour) (hour) (hour)
751| 206.205 1237.230 801| 206.292| 1237.752 851| 206.389| 1238.334
752 206.206 1237.236 802| 206.293| 1237.758 852| 206.391| 1238.346
753| 206.209 1237.254 803| 206.293| 1237.758 853| 206.393| 1238.358
754| 206.210 1237.260 804| 206.294| 1237.764 854 206.397| 1238.382
755| 206.210 1237.260 805| 206.297| 1237.782 855 206.398| 1238.388
756| 206.214 1237.284 806| 206.301| 1237.806 856 206.400] 1238.400
757| 206.215 1237.290 807| 206.304| 1237.824 857| 206.402| 1238.412
758| 206.219 1237.314 808| 206.304| 1237.824 858| 206.432| 1238.592
759| 206.222 1237.332 809| 206.305| 1237.830 859 206.434| 1238.604
760| 206.223 1237.338 810| 206.306| 1237.836 860 206.439| 1238.634
761] 206.225 1237.350 811] 206.307 1237.842 861| 206.442| 1238.652
762| 206.225 1237.350 812| 206.309| 1237.854 862| 206.457| 1238.742
763| 206.225 1237.350 813| 206.309| 1237.854 863| 206.457| 1238.742
764| 206.227 1237.362 814| 206.309| 1237.854 864| 206.463| 1238.778
765| 206.233 1237.398 815| 206.314| 1237.884 865| 206.466| 1238.796
766] 206.234 1237.404 816] 206.314 1237.884 866| 206.467| 1238.802
767| 206.235 1237.410 817| 206.314| 1237.884 867| 206.474| 1238.844
768| 206.236 1237.416 818| 206.314| 1237.884 868| 206.478| 1238.868
769| 206.238 1237.428 819| 206.318| 1237.908 869| 206.479| 1238.874
770 206.240 1237.440 820| 206.321| 1237.926 870 206.482| 1238.892
771 206.240 1237.440 821| 206.321| 1237.926 871] 206.490| 1238.940
772 206.244 1237.464 822| 206.323 1237.938 872 206.492| 1238.952
773| 206.244 1237.464 823| 206.325| 1237.950 873| 206.496| 1238.976
774 206.247 1237.482 824| 206.332| 1237.992 874| 206.496| 1238.976
775| 206.252 1237.512 825| 206.336| 1238.016 875 206.497| 1238.982
776] 206.252 1237.512 826| 206.337| 1238.022 876 206.497| 1238.982
777 206.262 1237.572 827| 206.338 1238.028 877 206.511] 1239.066
778| 206.264 1237.584 828| 206.342| 1238.052 878| 206.513| 1239.078
779| 206.265 1237.590 829| 206.346| 1238.076 879 206.514| 1239.084
780| 206.265 1237.590 830| 206.348| 1238.088 880 206.514| 1239.084
781| 206.265 1237.590 831| 206.352| 1238.112 881| 206.514| 1239.084
782| 206.266 1237.596 832| 206.356| 1238.136 882 206.520] 1239.120
783| 206.273 1237.638 833| 206.356| 1238.136 883| 206.522| 1239.132
784| 206.274 1237.644 834| 206.356| 1238.136 884 206.525| 1239.150
785| 206.274 1237.644 835| 206.356| 1238.136 885 206.532| 1239.192
786| 206.275 1237.650 836| 206.357| 1238.142 886 206.533] 1239.198
787| 206.277 1237.662 837| 206.359| 1238.154 887| 206.533] 1239.198
788| 206.279 1237.674 838| 206.360| 1238.160 888| 206.538| 1239.228
789| 206.280 1237.680 839| 206.364| 1238.184 889 206.540] 1239.240
790| 206.281 1237.686 840| 206.369| 1238.214 890 206.543| 1239.258
791] 206.282 1237.692 841| 206.370 1238.220 891| 206.544| 1239.264
792| 206.283 1237.698 842| 206.371] 1238.226 892 206.547| 1239.282
793| 206.283 1237.698 843| 206.372| 1238.232 893| 206.556| 1239.336
794| 206.283 1237.698 844| 206.372| 1238.232 894 206.562| 1239.372
795| 206.283 1237.698 845| 206.375| 1238.250 895 206.569| 1239.414
796| 206.285 1237.710 846| 206.375| 1238.250 896 206.613| 1239.678
797 206.286 1237.716 847| 206.376| 1238.256 897| 206.616| 1239.696
798| 206.286 1237.716 848| 206.377| 1238.262 898| 206.616| 1239.696
799| 206.289 1237.734 849| 206.379| 1238.274 899| 206.619| 1239.714
800| 206.292 1237.752 850| 206.380| 1238.280 900| 206.619| 1239.714
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Table B1 (7 of 7): Simulation results of the current state model

# | Duration | Man-hours # | Duration | Man-hours # Duration |Man-hours
(hour) (hour) (hour)

901| 206.623 1239.738 934| 206.391| 1238.346 967| 207.227| 1243.362
902| 206.624 1239.744 935| 206.393| 1238.358 968| 207.251| 1243.506
903| 206.628 1239.768 936| 206.397| 1238.382 969| 207.264| 1243.584
904| 206.635 1239.810 937| 206.398| 1238.388 970 207.282| 1243.692
905| 206.645 1239.870 938| 206.400f 1238.400 971| 207.286| 1243.716
906| 206.655 1239.930 939| 206.402| 1238.412 972| 207.288| 1243.728
907| 206.667 1240.002 940 206.432| 1238.592 973| 207.303| 1243.818
908| 206.677 1240.062 941| 206.434| 1238.604 974 207.371| 1244.226
909| 206.683 1240.098 942| 206.439| 1238.634 975| 207.385( 1244.310
910| 206.686 1240.116 943| 206.442| 1238.652 976| 207.387| 1244.322
911| 206.686 1240.116 9441 206.457| 1238.742 977] 207.393| 1244.358
912| 206.699 1240.194 945 206.457| 1238.742 978| 207.398| 1244.388
913| 206.708 1240.248 946] 206.463| 1238.778 979 207.402| 1244.412
914| 206.710 1240.260 947| 206.466| 1238.796 980 207.402| 1244.412
915| 206.717 1240.302 948| 206.467| 1238.802 981| 207.411| 1244.466
916| 206.721 1240.326 949| 206.474| 1238.844 982| 207.417| 1244.502
917| 206.744 1240.464 950 206.478| 1238.868 983| 207.422| 1244.532
918| 206.765 1240.590 951| 206.479| 1238.874 984| 207.430( 1244.580
919| 206.772 1240.632 952| 206.482| 1238.892 985| 207.449| 1244.694
920| 206.782 1240.692 953| 206.490| 1238.940 986| 207.451| 1244.706
921]| 206.790 1240.740 954| 206.492| 1238.952 987| 207.471| 1244.826
922| 206.804 1240.824 955| 206.496| 1238.976 988| 207.492| 1244.952
923| 206.805 1240.830 956| 206.496| 1238.976 989| 207.502| 1245.012
924| 206.808 1240.848 957| 206.497| 1238.982 990| 207.515| 1245.090
925| 206.811 1240.866 958| 206.497| 1238.982 991| 207.526| 1245.156
926]| 206.813 1240.878 959| 206.511| 1239.066 992 207.598( 1245.588
927| 206.815 1240.890 960| 206.513| 1239.078 993| 207.623| 1245.738
928| 206.815 1240.890 961| 206.514| 1239.084 994| 207.667| 1246.002
929| 206.819 1240.914 962| 206.514| 1239.084 995| 207.674| 1246.044
930| 206.823 1240.938 963| 206.514| 1239.084 996| 207.700( 1246.200
931| 206.828 1240.968 964| 206.520| 1239.120 997| 207.708| 1246.248
932| 206.832 1240.992 965| 206.522| 1239.132 998| 207.929| 1247.574
933| 206.841 1241.046 966| 206.525| 1239.150 999| 207.938| 1247.628

1000] 208.440| 1250.640

Mean of man-hours =
Standard deviation =

1231.432 man-hours

7.326

man-hours
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Table B2 (1 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration | Man-hours # Duration [Man-hours
(hour) (hour) (hour)

1 76.209 457.256 51 77.118 462.709 101 77.256 463.533

2 76.551 459.305 52 77.118 462.709 102 77.256 463.533

3 76.551 459.305 53 77.123 462.737 103 77.256 463.537

4 76.713 460.278 54 77.123 462.737 104 77.257 463.540

5 76.713 460.278 55 77.133 462.798 105 77.257 463.544

6 76.740 460.438 56 77.133 462.798 106 77.259 463.551

7 76.740 460.438 57 77.143 462.859 107 77.259 463.551

8 76.838 461.025 58 77.143 462.859 108 77.262 463.569

9 76.838 461.025 59 77.149 462.892 109 77.262 463.569
10 76.891 461.347 60 77.149 462.892 110 77.264 463.582
11 76.941 461.645 61 77.155 462.932 111 77.264 463.582
12 76.965 461.789 62 77.155 462.932 112 77.270 463.618
13 76.970 461.821 63 77.159 462.956 113 77.270 463.618
14 76.973 461.836 64 77.159 462.956 114 77.276 463.658
15 76.977 461.861 65 77.161 462.967 115 77.276 463.658
16 76.981 461.888 66 77.161 462.967 116 77.279 463.676
17 76.987 461.921 67 77.180 463.081 117 77.279 463.676
18 76.987 461.921 68 77.180 463.081 118 77.279 463.676
19 76.990 461.941 69 77.187 463.123 119 77.282 463.689
20 76.990 461.941 70 77.187 463.123 120 77.282 463.689
21 76.991 461.948 71 77.212 463.274 121 77.283 463.699
22 76.991 461.948 72 77.212 463.274 122 77.283 463.699
23 77.000 462.002 73 77.213 463.280 123 77.288 463.727
24 77.000 462.002 74 77.213 463.280 124 77.288 463.727
25 77.001 462.008 75 77.216 463.294 125 77.289 463.735
26 77.006 462.037 76 77.216 463.294 126 77.289 463.735
27 77.006 462.037 77 77.216 463.295 127 77.294 463.766
28 77.010 462.061 78 77.216 463.295 128 77.294 463.766
29 77.013 462.079 79 77.219 463.316 129 77.298 463.790
30 77.013 462.079 80 77.219 463.316 130 77.307 463.840
31 77.019 462.113 81 77.220 463.317 131 77.307 463.840
32 77.019 462.113 82 77.220 463.321 132 77.308 463.849
33 77.036 462.216 83 77.220 463.321 133 77.310 463.859
34 77.036 462.216 84 77.221 463.328 134 77.310 463.859
35 77.051 462.307 85 77.221 463.328 135 77.313 463.880
36 77.051 462.307 86 77.223 463.335 136 77.313 463.880
37 77.069 462.413 87 77.223 463.335 137 77.314 463.886
38 77.078 462.466 88 77.223 463.339 138 77.314 463.886
39 77.078 462.466 89 77.223 463.339 139 77.315 463.887
40 77.086 462.514 90 77.229 463.375 140 77.315 463.887
41 77.086 462.514 91 77.229 463.375 141 77.315 463.891
42 77.086 462.517 92 77.242 463.454 142 77.315 463.891
43 77.086 462.517 93 77.242 463.454 143 77.316 463.894
44 77.086 462.518 94 77.244 463.462 144 77.316 463.894
45 77.086 462.518 95 77.245 463.470 145 77.317 463.900
46 77.094 462.563 96 77.245 463.470 146 77.317 463.900
47 77.094 462.563 97 77.253 463.517 147 77.317 463.903
48 77.103 462.620 98 77.253 463.517 148 77.317 463.903
49 77.103 462.620 99 77.254 463.523 149 77.320 463.922
50 77.118 462.709 100 77.254 463.523 150 77.322 463.932
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Table B2 (2 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration |Man-hours
(hour) (hour) (hour)
151 77.323 463.939 201 77.361 464.165 251 77.399 464.396
152 77.323 463.940 202 77.362 464.171 252 77.400 464.399
153 77.324 463.941 203 77.362 464.171 253 77.400 464.402
154 77.324 463.945 204 77.362 464.174 254 77.401 464.403
155 77.325 463.951 205 77.363 464.180 255 77.402 464.414
156 77.325 463.951 206 77.363 464.180 256 77.405| 464.428
157 77.326 463.957 207 77.367 464.204 257 77.405 464.429
158 77.327 463.960 208 77.367 464.204 258 77.405| 464.431
159 77.328 463.966 209 77.369 464.212 259 77.408| 464.445
160 77.328 463.967 210 77.369 464.212 260 77.408| 464.450
161 77.328 463.967 211 77.369 464.212 261 77.408| 464.450
162 77.329 463.973 212 77.369 464.212 262 77.411| 464.464
163 77.333 463.995 213 77.369 464.213 263 77.413 464.480
164 77.333 463.995 214 77.369 464.213 264 77.414 464.481
165 77.333 463.999 215 77.369 464.216 265 77.414 464.481
166 77.333 463.999 216 77.369 464.216 266 77.414 464.485
167 77.334 464.002 217 77.372 464.231 267 77.415 464.487
168 77.334 464.002 218 77.372 464.231 268 77.415 464.487
169 77.335 464.011 219 77.372 464.233 269 77.415 464.488
170 77.336 464.013 220 77.372 464.233 270 77.415 464.490
171 77.336 464.016 221 77.374 464.244 271 77.416 464.494
172 77.336 464.016 222 77.374 464.244 272 77.416 464.494
173 77.337 464.021 223 77.375 464.252 273 77.416 464.495
174 77.337 464.021 224 77.375 464.252 274 77.417 464.500
175 77.338 464.030 225 77.377 464.264 275 77.418 464.506
176 77.339 464.036 226 77.377 464.264 276 77.418 464.507
177 77.339 464.036 227 77.379 464.271 277 77.419 464.512
178 77.339 464.036 228 77.379 464.271 278 77.420| 464.518
179 77.340 464.042 229 77.381 464.285 279 77.420| 464.520
180 77.344 464.063 230f 77.381 464.285 280 77.420| 464.520
181 77.344 464.064 231 77.382 464.291 281 77.421 464.523
182 77.345 464.069 232 77.382 464.291 282 77.421 464.523
183 77.345 464.071 233 77.382 464.292 283 77.423 464.537
184 77.345 464.071 234 77.384 464.301 284 77.423 464.537
185 77.347 464.080 235 77.386 464.317 285 77.423 464.539
186 77.347 464.080 236 77.387 464.320 286 77.424 464.541
187 77.347 464.083 237 77.389 464.333 287 77.425 464.548
188 77.347 464.083 238 77.390 464.342 288 77.425 464.548
189 77.347 464.084 239 77.393 464.359 289 77.425 464.548
190 77.347 464.084 240 77.393 464.360 290 77.425 464.548
191 77.349 464.093 241 77.394 464.365 291 77.426 464.554
192 77.356 464.137 242 77.395 464.371 292 77.426 464.555
193 77.356 464.137 243 77.396 464.373 293 77.426 464.555
194 77.357 464.143 244 77.396 464.374 294 77.426 464.555
195 77.359 464.151 245 77.398 464.389 295 77.427 464.564
196 77.360 464.162 246 77.398 464.390 296 77.428| 464.565
197 77.360 464.162 247 77.398 464.390 297 77.428| 464.565
198 77.361 464.164 248  77.399 464.391 298 77.428| 464.567
199 77.361 464.164 249  77.399 464.395 299 77.428| 464.567
200 77.361 464.165 250 77.399 464.396 300 77.428| 464.570
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Table B2 (3 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration |Man-hours
(hour) (hour) (hour)
301 77.431 464.583 351| 77.483 464.899 401 77.510] 465.062
302 77.362 464.171 352| 77.484 464.902 402 77.511| 465.064
303 77.362 464.174 353| 77.484 464.902 403 77.511| 465.064
304 77.363 464.180 354| 77.487 464.921 404 77.511| 465.065
305 77.363 464.180 355| 77.487 464.921 405 77.514| 465.084
306 77.367 464.204 356| 77.487 464.923 406 77.514| 465.084
307 77.367 464.204 357| 77.487 464.923 407 77.517] 465.099
308 77.369 464.212 358| 77.491 464.945 408 77.517| 465.099
309 77.369 464.212 359| 77.491 464.945 409 77.517| 465.100
310 77.369 464.212 360| 77.492 464.951 410 77.517| 465.100
311 77.369 464.212 361| 77.492 464.951 411 77.517| 465.104
312 77.369 464.213 362| 77.494 464.962 412 77.517| 465.104
313 77.369 464.213 363| 77.494 464.962 413 77.518| 465.106
314 77.369 464.216 364| 77.494 464.966 414 77.518| 465.106
315 77.369 464.216 365| 77.494 464.966 415 77.519| 465.115
316 77.372 464.231 366| 77.495 464.971 416 77.519| 465.115
317 77.372 464.231 367| 77.495 464.971 417 77.520| 465.120
318 77.372 464.233 368| 77.497 464.982 418 77.520| 465.120
319 77.372 464.233 369| 77.497 464.982 419 77.522| 465.130
320 77.374 464.244 370 77.497 464.984 420 77.522| 465.130
321 77.374 464.244 371 77.497 464.984 421 77.522| 465.133
322 77.375 464.252 372 77.499 464.993 422 77.522| 465.133
323 77.375 464.252 373| 77.499 464.995 423 77.522| 465.133
324 77.377 464.264 374 77.499 464.995 424 77.522| 465.133
325 77.377 464.264 375 77.501 465.005 425 77.524] 465.142
326 77.379 464.271 376 77.501 465.006 426 77.524] 465.142
327 77.379 464.271 3771 77.501 465.006 427 77.524| 465.145
328 77.381 464.285 378 77.501 465.006 428 77.524| 465.145
329 77.381 464.285 379 77.501 465.008 429 77.529| 465.172
330 77.382 464.291 380 77.501 465.008 430 77.529| 465.172
331 77.382 464.291 381| 77.502 465.010 431 77.533| 465.200
332 77.382 464.292 382| 77.502 465.010 432 77.533| 465.200
333 77.384 464.301 383| 77.502 465.014 433 77.535| 465.208
334 77.386 464.317 384| 77.507 465.040 434 77.535| 465.208
335 77.387 464.320 385| 77.507 465.040 435 77.541| 465.247
336 77.389 464.333 386| 77.507 465.040 436 77.544|  465.265
337 77.390 464.342 387 77.507 465.040 437 77.544| 465.265
338 77.393 464.359 388| 77.507 465.040 438 77.545| 465.268
339 77.393 464.360 389| 77.507 465.041 439 77.545| 465.268
340 77.394 464.365 390| 77.508 465.047 440 77.545| 465.269
341 77.395 464.371 391| 77.508 465.047 441 77.546| 465.274
342 77.396 464.373 392| 77.508 465.049 442 77.546| 465.274
343 77.396 464.374 393| 77.508 465.049 443 77.549| 465.294
344 77.398 464.389 394| 77.509 465.053 444 77.549| 465.295
345 77.398 464.390 395| 77.509 465.053 445 77.549| 465.295
346 77.398 464.390 396| 77.509 465.053 446 77.552| 465.309
347 77.399 464.391 397| 77.509 465.053 447 77.553| 465.318
348 77.399 464.395 398| 77.509 465.054 448 77.553| 465.318
349 77.399 464.396 399| 77.509 465.054 449 77.553| 465.320
350 77.399 464.396 400f 77.510 465.062 450 77.554] 465.325
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Table B2 (4 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration [ Man-hours # | Duration |[Man-hours
(hour) (hour) (hour)
451 77.554 465.325 501 77.575 465.450 551 77.608 465.329
452 77.555 465.329 502 77.575 465.450 552 77.608| 465.329
453 77.555 465.329 503 77.575 465.452 553 77.609| 465.334
454 77.556 465.334 504 77.575 465.452 554 77.609 465.334
455 77.556 465.334 505 77.576 465.454 555 77.610 465.339
456 77.557 465.339 506 77.576 465.454 556 77.610 465.343
457 77.557 465.343 507 77.577 465.460 557 77.610 465.343
458 77.557 465.343 508 77.577 465.460 558 77.610| 465.346
459 77.558 465.346 509 77.578 465.468 559 77.611| 465.348
460 77.558 465.348 510 77.578 465.468 560 77.612| 465.348
461 77.558 465.348 511 77.579 465.472 561 77.613| 465.353
462 77.559 465.353 512 77.579 465.472 562 77.613 465.353
463 77.559 465.353 513 77.580 465.482 563 77.614| 465.354
464 77.559 465.354 514 77.580 465.482 564 77.614 465.354
465 77.559 465.354 515| 77.583 465.500 565 77.615| 465.361
466 77.560 465.361 516 77.583 465.500 566 77.615| 465.361
467 77.560 465.361 517 77.583 465.500 567 77.616| 465.363
468 77.561 465.363 518 77.583 465.500 568 77.616| 465.363
469 77.561 465.363 519 77.583 465.500 569 77.617 465.368
470 77.561 465.368 520 77.583 465.500 570 77.617| 465.368
471 77.561 465.368 521 77.584 465.502 571 77.617 465.368
472 77.561 465.368 522 77.584 465.502 572 77.618 465.368
473 77.561 465.368 523 77.587 465.522 573 77.618| 465.370
474 77.562 465.370 524 77.587 465.522 574 77.619 465.370
475 77.562 465.370 525 77.589 465.532 575 77.619 465.370
476 77.562 465.370 526 77.589 465.532 576 77.620 465.376
477 77.563 465.376 527 77.591 465.547 577 77.621 465.376
478 77.563 465.376 528 77.591 465.547 578 77.621 465.377
479 77.563 465.377 529 77.594 465.563 579 77.624| 465.377
480 77.563 465.377 530 77.594 465.563 580 77.624| 465.378
481 77.563 465.378 531 77.596 465.573 581 77.625 465.378
482 77.563 465.378 532 77.596 465.573 582 77.628 465.379
483 77.563 465.379 533 77.599 465.595 583 77.628 465.379
484 77.563 465.379 534 77.599 465.595 584 77.628| 465.382
485 77.564 465.382 535| 77.600 465.599 585 77.628| 465.382
486 77.564 465.382 536 77.600 465.599 586 77.628| 465.392
487 77.565 465.392 537 77.602 465.613 587 77.628| 465.392
488 77.565 465.392 538 77.602 465.613 588 77.631| 465.394
489 77.566 465.394 539 77.605 465.630 589 77.631| 465.394
490 77.566 465.394 540 77.605 465.630 590 77.634| 465.396
491 77.566 465.396 541 77.606 465.633 5901 77.634| 465.396
492 77.566 465.396 542 77.606 465.633 592 77.635| 465.402
493 77.567 465.402 543 77.606 465.634 593 77.637 465.409
494 77.568 465.409 544 77.606 465.634 594 77.638 465.409
495 77.568 465.409 545 77.606 465.638 595 77.641 465.419
496 77.570 465.419 546 77.606 465.638 596 77.642| 465.419
497 77.570 465.419 547 77.607 465.644 597 77.645 465.419
498 77.570 465.419 548 77.608 465.645 598 77.645| 465.449
499 77.575 465.449 549 77.608 465.645 599 77.646 465.449
500 77.575 465.449 550 77.608 465.647 600 77.647 465.450
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Table B2 (5 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration [Man-hours
(hour) (hour) (hour)
601 77.648 465.889 651 77.686 466.115 701 77.723| 466.335
602 77.648 465.889 652 77.686 466.117 702 77.725| 466.348
603 77.649 465.892 653| 77.686 466.117 703 77.727| 466.361
604 77.649 465.895 654| 77.687 466.121 704 77.728| 466.369
605 77.650 465.898 655| 77.687 466.121 705 77.728] 466.370
606 77.650 465.900 656| 77.687 466.121 706 77.728| 466.370
607 77.651 465.904 657 77.688 466.128 707 77.729( 466.371
608 77.651 465.908 658| 77.688 466.130 708 77.732| 466.391
609 77.652 465.914 659 77.688 466.130 709 77.732| 466.391
610 77.653 465.919 660| 77.689 466.136 710 77.733| 466.400
611 77.653 465.920 661 77.689 466.136 711 77.733| 466.400
612 77.655 465.928 662 77.691 466.143 712 77.738| 466.425
613 77.655 465.932 663| 77.691 466.143 713 77.738| 466.425
614 77.656 465.937 664 77.691 466.143 714 77.739 466.436
615 77.656 465.937 665 77.691 466.144 715 77.739 466.436
616 77.656 465.938 666| 77.692 466.153 716 77.743| 466.458
617 77.656 465.938 667 77.692 466.153 717 77.743| 466.458
618 77.657 465.940 668 77.693 466.155 718 77.744 466.462
619 77.657 465.940 669 77.693 466.157 719 77.744 466.462
620 77.659 465.953 670 77.693 466.157 720 77.744| 466.464
621 77.659 465.953 671 77.694 466.163 721 77.744| 466.464
622 77.665 465.988 672 77.694 466.165 722 77.747| 466.484
623 77.665 465.988 673| 77.697 466.179 723 77.747| 466.484
624 77.668 466.009 674 77.697 466.181 724 77.748 466.486
625 77.668 466.009 675 77.699 466.193 725 77.748| 466.486
626 77.672 466.030 676 77.699 466.193 726 77.748|  466.490
627 77.672 466.030 677 77.701 466.205 727 77.748|  466.490
628 77.672 466.031 678 77.701 466.206 728 77.748|  466.490
629 77.672 466.031 679 77.701 466.206 729 77.748 466.490
630 77.674 466.044 680| 77.705 466.227 730 77.750(  466.502
631 77.674 466.044 681 77.705 466.227 731 77.750(  466.502
632 77.675 466.049 682 77.705 466.230 732 77.751| 466.507
633 77.675 466.049 683| 77.705 466.232 733 77.751| 466.507
634 77.675 466.052 684 77.706 466.234 734 77.753 466.520
635 77.675 466.052 685 77.706 466.234 735 77.753| 466.520
636 77.676 466.055 686 77.708 466.250 736 77.755( 466.528
637 77.678 466.069 687 77.709 466.255 737 77.755( 466.528
638 77.678 466.069 688| 77.710 466.262 738 77.758| 466.545
639 77.680 466.078 689 77.711 466.265 739 77.758| 466.545
640 77.681 466.084 690 77.713 466.276 740 77.758| 466.547
641 77.681 466.085 691 77.714 466.282 741 77.758| 466.547
642 77.681 466.088 692 77.716 466.294 742 77.763| 466.580
643 77.682 466.094 693 77.716 466.295 743 77.763 466.580
644 77.683 466.096 694 77.717 466.301 744 77.765| 466.588
645 77.683 466.099 695 77.717 466.302 745 77.765( 466.590
646 77.683 466.100 696| 77.718 466.308 746 77.765| 466.592
647 77.684 466.103 697 77.718 466.310 747 77.769 466.615
648 77.684 466.103 698 77.718 466.310 748 77.770 466.622
649 77.686 466.113 699 77.721 466.323 749 77.774| 466.642
650 77.686 466.113 700 77.721 466.324 750 77.776| 466.654
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Table B2 (6 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration [ Man-hours # | Duration |Man-hours
(hour) (hour) (hour)
751 77.777 466.662 801 77.845 467.071 851 77.879 467.271
752 77.778 466.670 802 77.847 467.081 852 77.879 467.273
753 77.788 466.729 803| 77.847 467.081 853 77.879 467.276
754 77.789 466.731 804| 77.848 467.085 854 77.880( 467.278
755 77.795 466.768 805| 77.848 467.086 855 77.880| 467.282
756 77.795 466.768 806| 77.849 467.093 856 77.884| 467.303
757 77.799 466.794 807 77.850 467.099 857 77.884| 467.305
758 77.799 466.794 808| 77.851 467.106 858 77.885( 467.311
759 77.802 466.812 809 77.852 467.113 859 77.887 467.320
760 77.802 466.812 810| 77.853 467.120 860 77.887| 467.323
761 77.806 466.834 811 77.854 467.122 861 77.887| 467.324
762 77.806 466.834 812 77.854 467.124 862 77.889( 467.331
763 77.807 466.841 813| 77.857 467.140 863 77.889( 467.336
764 77.807 466.841 814 77.857 467.140 864 77.890 467.339
765 77.809 466.856 815 77.857 467.140 865 77.892 467.354
766 77.809 466.856 816| 77.857 467.141 866 77.894( 467.362
767 77.812 466.874 817 77.857 467.143 867 77.894 467.364
768 77.812 466.874 818 77.857 467.144 868 77.895 467.368
769 77.814 466.882 819 77.858 467.146 869 77.897| 467.380
770 77.814 466.882 820 77.858 467.149 870 77.897 467.380
771 77.816 466.898 821 77.858 467.150 871 77.897 467.383
772 77.816 466.898 822 77.859 467.151 872 77.899 467.391
773 77.817 466.899 823| 77.859 467.153 873 77.899| 467.392
774 77.817 466.899 824 77.859 467.155 874 77.899 467.396
775 77.818 466.909 825| 77.860 467.158 875 77.9001 467.401
776 77.818 466.909 826| 77.861 467.165 876 77.903( 467.420
777 77.819 466.912 827 77.862 467.173 877 77.904( 467.423
778 77.819 466.912 828| 77.862 467.173 878 77.906( 467.436
779 77.820 466.921 829 77.862 467.174 879 77.907 467.440
780 77.820 466.921 830| 77.864 467.183 880 77.907 467.444
781 77.821 466.925 831 77.864 467.185 881 77.909 467.452
782 77.824 466.943 832 77.864 467.185 882 77.909( 467.453
783 77.824 466.945 833| 77.865 467.190 883 77.909( 467.456
784 77.827 466.959 834 77.865 467.191 884 77.910 467.459
785 77.829 466.973 835| 77.867 467.200 885 77.910( 467.459
786 77.831 466.985 836| 77.867 467.204 886 77.910( 467.460
787 77.831 466.986 837 77.868 467.205 887 77.911| 467.467
788 77.832 466.994 838| 77.868 467.209 888 77912 467.474
789 77.837 467.020 839 77.869 467.213 889 77.916( 467.493
790 77.837 467.021 840 77.869 467.215 890 77.916 467.493
791 77.841 467.045 841 77.870 467.219 891 77.916 467.497
792 77.842 467.054 842 77.872 467.233 892 77.919 467.512
793 77.843 467.060 843 77.872 467.234 893 77.919 467.516
794 77.843 467.060 844 77.874 467.242 894 77.920 467.522
795 77.844 467.062 845 77.874 467.243 895 77.921 467.523
796 77.844 467.063 846 77.874 467.244 896 77.924 467.545
797 77.844 467.064 847 77.875 467.251 897 77.925 467.547
798 77.844 467.065 848 77.877 467.260 898 77.925 467.548
799 77.845 467.070 849 77.877 467.263 899 77.926 467.553
800 77.845 467.070 850| 77.878 467.270 900 77.926] 467.553
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Table B2 (7 of 7): Simulation results of the future state model

# | Duration | Man-hours # | Duration | Man-hours # | Duration |Man-hours
(hour) (hour) (hour)

901 77.927 467.563 934 77.879 467.273 967 78.015 468.088
902 77.928 467.566 935| 77.879 467.276 968 78.018] 468.109
903 77.929 467.573 936| 77.880 467.278 969 78.022] 468.134
904 77.930 467.579 937| 77.880 467.282 970 78.023] 468.138
905 77.931 467.587 938| 77.884 467.303 971 78.023] 468.140
906 77.931 467.587 939| 77.884 467.305 972 78.030] 468.177
907 77.934 467.606 940| 77.885 467.311 973 78.031] 468.183
908 77.935 467.607 941 77.887 467.320 974 78.031 468.184
909 77.935 467.607 942| 77.887 467.323 975 78.036] 468.213
910 77.936 467.613 943| 77.887 467.324 976 78.039] 468.236
911 77.936 467.615 944 77.889 467.331 977 78.040 468.239
912 77.936 467.617 945 77.889 467.336 978 78.046 468.275
913 77.938 467.626 946| 77.890 467.339 979 78.056| 468.337
914 77.938 467.628 947| 77.892 467.354 980 78.061| 468.368
915 77.939 467.633 948| 77.894 467.362 981 78.064] 468.381
916 77.939 467.633 949| 77.894 467.364 982 78.072] 468.430
917 77.939 467.636 950| 77.895 467.368 983 78.073| 468.436
918 77.942 467.653 951 77.897 467.380 984 78.075 468.449
919 77.942 467.653 952| 77.897 467.380 985 78.093| 468.557
920 77.943 467.655 953| 77.897 467.383 986 78.095| 468.567
921 77.945 467.668 954| 77.899 467.391 987 78.098| 468.586
922 77.946 467.676 955| 77.899 467.392 988 78.101| 468.605
923 77.946 467.676 956 77.899 467.396 989 78.118| 468.706
924 77.946 467.676 957 77.900 467.401 990 78.136| 468.814
925 77.946 467.678 958 77.903 467.420 991 78.151| 468.905
926 77.947 467.680 959 77.904 467.423 992 78.180| 469.079
927 77.947 467.681 960 77.906 467.436 993 78.183| 469.098
928 77.948 467.686 961| 77.907 467.440 994 78.189| 469.133
929 77.949 467.692 962 77.907 467.444 995 78.209| 469.253
930 77.950 467.699 963| 77.909 467.452 996 78.232|  469.390
931 77.951 467.707 964 77.909 467.453 997 78.261 469.565
932 77.951 467.708 965 77.909 467.456 998 78.329| 469.973
933 77.953 467.715 966 77.910 467.459 999 78.349| 470.096

1000 78.438| 470.630

Mean of man-hours =
Standard deviation =

465.478 man-hours

1.640

man-hours
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APPENDIX C. ALLOCATING PROCESS COST TO PRODUCT

Table C.1 Calculation of cost/unit (cost allocated to one VDW unit) for alternative 1

Alternative 1 - Pre-bolting Quantity Cost driver Unit Rate Cost Cost/unit
Material ;' !
VDW size 7' x 9' 76 unit I $30,600¢ $2,325,600 $30,600
VDW size 7' x 12' 79 unit i $40,500, $3,199,500 $40,500
Inventory cost at DIS | !
Minimum inventory, no charge 0 sflyear i $26.00 | $0 $0.00
Material handling at DIS 155 unit r $22.50 E $3,488 $22.50
Transportation i i
Transport VDW from DIS to site 52 trip l $2,100! $109,200 $704.52
Installation
Bolt VDW to upper girder on the ground 0.5 hour/unit $900 $450 $450
Lift and install the combined component to lower girder 1 hour/unit $900 $900 $900
Tighten all bolts on VDW to designed torque after
having concrete slab poured. 1 hour/unit $900 $900 $900

———————————

e ! Unit rate provided by the VDW fabricator

:] Unit rate provided by the structural steel contractor
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Table C.2 Calculation of cost/unit (cost allocated to one VDW unit) for alternative 2

Alternative 2 - Inserting Quantity Cost driver Unit Rate Cost Cost/unit
Material ST \
VDW size 7' x 9' 76 unit E $30,600 $2,325,600 $30,600
VDW size 7' x 12' 79 unit ! $40,50(':) $3,199,500 $40,500
Inventory cost at DIS E E
Occupy 1000 sf for a year 1,000 sflyear : $26.00! $26,000 $167.74
Material handling at DIS 155 unit E $22.505 $3,488 $22.50
Transportation i I
Transport VDW from DIS to site 45 trip ! $2,100 $94,500 $609.68
Installation
Lift VDW from ground and place it on floor on a roller
after having concrete slab poured 0.33 hour/unit $900 $297 $297
Insert and bolt VDW unit to the gap between lower
and upper girders 2 hour/unit $900 $1,800 $1,800
Tighten all bolts on VDW to designed torque. 1 hour/unit $900 $900 $900

[ } Unit rate provided by the VDW fabricator

:] Unit rate provided by the structural steel contractor
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Table C.3 Calculation of cost/unit (cost allocated to one VDW unit) for alternative 3

Alternative 3 - Sequencing Quantity Cost driver Unit Rate Cost Cost/unit
Material ST \
VDW size 7' x 9' 76 unit . $30,600 ! $2,325,600 $30,600
VDW size 7' x 12' 79 unit i $40,500 1 $3,199,500 $40,500
Inventory cost at DIS i i
Occupy 700 sf for a year 700 sflyear , $26.00 $18,200 $117.42
Material handling at DIS 155 unit | $22.50 $3,488 $22.50
Transportation i I
Transport VDW from DIS to site 45 trip \__$2,100 i $94,500 $609.68
Installation
Lift VDW from ground and place on lower girder 0.33 hour/unit $900 $297 $297
Bolt VDW unit to lower and upper girders 1 hour/unit $900 $900 $900
Tighten all bolts on VDW to designed torque after
having concrete slab poured. 1 hour/unit $900 $900 $900

[ » Unit rate provided by the VDW fabricator

:] Unit rate provided by the structural steel contractor
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Table C.4 Calculation of cost/unit (cost allocated to one VDW unit) for alternative 4

Alternative 4 - Pre-bolting with kitting Quantity Cost driver Unit Rate Cost Cost/unit
Material [P
VDW size 7' x 9' 76 unit | $30,60(f) $2,325,600 $30,600
VDW size 7' x 12 79 unit i $40,500 $3,199,500 $40,500
Inventory cost at DIS i i
Minimum inventory, no charge 0 sflyear | $26.00E $0 $0.00
Material handling at DIS 155 unit E $22.50 $3,488 $22.50
Transportation i |
Transport 52 trip N $1,900 $98,800 $637.42
Material handling at Herrick's shop 155 unit /~ $22.50 $3,488 $22.50
Transport from Herrick to the site 155 trip $188 $29,063 $187.50
Installation
Bolt VDW to upper girder on the ground 0.5 hour/unit $900 $450 $450
Lift and install the combined component to lower girder 1 hour/unit $900 $900 $900
Tighten all bolts on VDW to designed torque after
having concrete slab poured. 1 hour/unit $900 $900 $900

[ ; Unit rate provided by the VDW fabricator

:] Unit rate provided by the structural steel contractor



APPENDIX D. AUTODESK REVIT ARCHITECTURE 2010
TERMINOLOGY (Autodesk 2009a, Autodesk 2009b)

In Revit Architecture, a project is the single database of information for a design, it is also
regarded as the building information model. The project file contains various types of
information for a building design, from geometry to construction data. This information includes
components used to design the model, views of the project, and drawings of the design. By using
a single project file, Revit Architecture allows the user to alter the design and have changes
reflected in all associated areas such as plan views, elevation views, section views, and
schedules.

Revit Architecture classifies elements by categories, families, types, and instances.

Category: A category is “a group of elements that you use to model or document a building
design. For example, categories of model elements include walls and beams” (Autodesk 2009a).
Categories of annotation elements include tags and text notes.

Family: Families are “classes of elements in a category” (Autodesk 2009a). A family groups
elements with a common set of parameters (properties), identical use, and similar graphical
representation. Different elements in a family may have different values for some or all
properties, but the set of properties (their names and meaning) is the same. For example, six-
panel colonial doors could be considered one family, although the doors that compose the family
come in different sizes and materials. Structural members (such as W shapes) are another family.

Type: Each family can have different types. A type can be a specific size of a family, such as
a 30” x 80” door or a 32” x 84” door. A type can also be a style, such as ‘default aligned’ or
‘default angular’ style for dimensions. A family can have several types. For example, a table may
be available in several sizes. Each size table is a different type within the same family.

Instance: Instances are the actual items (individual elements) that are placed in the project
and have specific locations in the building (model instances) or on a drawing sheet (annotation
instances). Each instance belongs to a family and, within that family, a particular type.

Categnrv
1
Ll 1
. Round Rectangular
Rectangular Rectangular
column column
Type

450 x 600 x
600mm 750mm

Figure D.1 Element classification structure in Revit Architecture (Autodesk 2009a)
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For example, the Furniture category includes families and family types that the user can use
to create different pieces of furniture, like desks, chairs, and cabinets. Although these families
serve different purposes and are composed of different materials, they have a related use. Each
type in the family has a related graphical representation and an identical set of parameters, called
the family type parameters.

When a user creates an element in a project with a specific family and family type, that user
creates an instance of the element. Each element instance has a set of properties, in which the
user can change some element parameters independently of the family type parameters. These
changes apply only to the instance of the element, the single element in the project. If the user
makes any changes to the family type parameters, the changes apply to all element instances that
the user created with that type.

Parameters (aka. element properties) are “settings that control the appearance or behavior of
elements in a project. Element properties are the combination of instance properties and type
properties” (Autodesk 2009b). In a Revit project, parameters define the relationships between
elements of the building model. These relationships are created automatically by Revit
Architecture by users during design. As the user works in drawing and schedule views, Revit
Architecture collects information about the building model. The Revit parametric change engine
automatically coordinates changes in all model views, drawing sheets, schedules, sections, and
plans.

Shared parameters are “parameters that a user can add to families or projects and then share
with other families and projects” (Autodesk 2009b). They allow users to add specific data that is
not already predefined in the family file or the project template. Shared parameters are stored in
a file independent of any family file or Revit Architecture project; this allows users to access the
file from different families or projects.

A schedule is a “tabular display of information, extracted from the properties of the elements
in a project” (Autodesk 2009a). A schedule can list every instance of a family type, or it can
collapse multiple instances onto a single row, based on the schedule's grouping criteria. Revit
Architecture allows users to create different types of schedules, including quantities, material
take-offs, view lists, and drawing lists.

Autodesk includes a wide range of system families in Revit Architecture and provides tools
for users to create their own loadable and in-place families. Taking this opportunity, many
fabricators and suppliers in the construction industry have modeled their product lines in Revit
and made them available to designers. Seek.autodesk.com is a popular website where fabricators
and suppliers post their product models and product specifications. Since many different file
formats can be posted to introduce the product model, this platform can also be used for sharing
product installation instructions as well as process- and cost data.

156



Results Filtered By
File Type: RFA X

Filter

Product Attributes [&]
| All Color Values =
| All Door Frame Material Values x|
| All Door Height Values [
| Al Door Width Values =
| All Glazing Thickness Values =
]AII Hourly Rating Values _‘_'I

| AllIndustry Standard Values ]
| All Integral Finish Values =
| All Manufacturer Product Line \ =]

| All Material - Core Values %]

| All Material Family Values =]

| All Style/Type Values =

| All Thickness Values |

Now showing 1-20 of 1231 entries

> >>

Design 301 Sectional Overhead Steel Garage Doors, 96"
Height, 96" or 192" Width

Manufacturer Carriage House Door Company
%
Designer Series, Double Door

Manufacturer Technical Glass Products (TGP Fire Rated)

%

Fireframes® Hardwood Series Doors, Fire-Rated for 45 min
Applications, Available Flat Jamb or Throated

Design 303 Sectional Overhead Steel Garage Doors, 96"
Height, 96" or 192" Width

Manufacturer Technical Glass Products (TGP Fire Rated)

Manufacturer Carriage House Door Company

%

2010)

E

E 22 RFA

=% 3POF

AsRFA
fgh & DWF
ﬁ?PDF

@4 RFA
[z 17 DWF

= 5 PDF

[R4RFA
‘ESPDF

Figure D.2 Product models posted on seek.autodesk.com by fabricators (visited on January 10,
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