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Abstract 

Transformation, Flow, and Value Constellations in AEC Projects 

by 

Stanislaus John Tuholski 

Doctor of Philosophy in Engineering – Civil and Environmental Engineering 

University of California, Berkeley 

Professor Iris D. Tommelein, Chair 

 

 

A void exists in development of design theory methodology (DTM) within the 

structural engineering community. This void hampers efforts to resolve performance 

deficiencies including cost over-runs, unplanned rework, and sub-optimal design. In 

manufacturing, product design and production improvements have resulted from 

implementation of the design structure matrix (DSM) methodology. DSM use within the 
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architecture engineering construction (AEC) industry has been effective, but sporadic, 

and focused primarily in the UK.  

Activity DSM offers a means to represent, analyse, and decompose complex systems 

in order to improve their performance. Research presented in this dissertation relates the 

nature of AEC production systems to highly influential forms of dependence within 

activity networks. When applied in conjunction with complementary process-

management tools, insights into dependence networks extending beyond the activity 

domain are illustrated. These extensions include: networks forming the dependence 

constellations (interconnecting structures) of T-transformation, F-flow, and V-value 

domains (TFV constellations).  

This dissertation presents two case studies: 1) The primary proof-of-concept case 

examines and documents the implementation of DSM on a seismic retrofit design through 

‘action’ research. Traditional and optimized processes are compared through the use of 

DSM, swim-lane diagrams, and critical path method schedules. 2) The validation case 

demonstrates the feasibility of translating value stream maps into DSM representations 

for the purpose of production-system analysis and optimization.  

This dissertation describes the use of group brainstorming, collocated design sessions, 

rapid feedback, set-based design, and collaborative design aids to increase overall 

effectiveness of teams working on highly dependent blocks of work. Research findings 

extend lean production theory and confirm the suitability of tools for use in design 

planning.  One such tool, DSM,  correctly identified iterative activities central to design 

and provided: 1) a common vocabulary to discuss rework in the context of a multi-

disciplinary design team, 2) a rational method to schedule team collocation and 
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brainstorming efforts to maximize their benefit, and 3) a means to consider iterative 

activities and associated hand-offs in design work structuring. Conclusions presented 

regarding the interdependence of TFV constellations merit additional investigation in 

applications inside as well as outside of AEC, including manufacturing and new product 

development. 
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PREFACE 

Theory and practical application are in constant opposition throughout the fields of 

science and engineering. On one hand, academics develop theory in the absence of trial 

implementation, only to suffer from lack of dissemination. On the other hand, 

practitioners successfully implement applications and methodologies without an 

understanding of system-wide impacts.  The reflections of early scientists on this issue 

remain true today; 

“Theory and Practice are not antagonistic, as is so often tacitly assumed. Theory 

is not necessarily unpractical, nor Practice unscientific, although both of these 

things may occur…It is not a matter of merely setting forth in a new form and 

order that which is already known…On the contrary, if the new theory is to lay 

claim to general interest, it must be capable of producing something new; it must 

make problems solvable which before could not be solved in a systematic way.”  

F. Reuleaux in Theoretische Kinematic, 1875 (in Hubka and Eder 1996). 

The author dedicates this dissertation to extending the theoretical underpinnings of 

project management through the deliberate observation of practical application. The 

shared vision of the author and others at the Project Production System Laboratory at the 

University of California at Berkeley, is to leverage this research toward improving 

project delivery performance world-wide. 
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DEFINITIONS AND ACRONYMS 

The following definitions and acronyms are used in this dissertation: 

Term Definition 
AEC Architecture Engineering Construction 
AHP Analytic Hierarchy Process 
Artifact, 
Product, or 
Service 

Something sold by an enterprise to its customers. (Ulrich and Eppinger 
2004) 

ASCE American Society of Civil Engineers 
BIM Building Information Modeling 
CAD Computer Aided Design 
CE See Concurrent Engineering. 
Complexity Complexity is an attribute of dynamic systems with behaviors driven by 

cause-and-effect dependency chains formed within market, product, 
organization, or process dimensions. Complexity is further categorized as 
numeric or relational (adapted from Maurer 2007). 

Concurrent 
Engineering 

Engineering design process with the following characteristics (Kamara et 
al. 2007): 1) Parallel scheduling of activities to the extent possible,         
2) integration of product, process, and commercial information over the 
lifecycle of a project including the design phase, 3) integration of the 
project supply chain through effective collaboration, communication, and 
coordination, 4) integration of all technologies and tools utilized in the 
product development process. Aka. CE. 

CPM Critical Path Method 
Design or 
Design Process  

As defined in this dissertation: The conceptualization and expression of 
artifacts of value and associated production systems. 
 
Traditional: Design is a central part of engineering and involves the 
conceptualization, specification, detailing, evaluating, testing, refining 
and optimizing of machines, structures, systems, artifacts, and products 
which are to be used in engineering (Stephenson and Callander 1974, 
Waldron and Waldron 1996). 

Design 
Structure 
Matrix 

A representation and analysis tool for system modeling, especially for the 
purposes of decomposition and integration. Originally developed by 
Steward (1981), a square matrix denotes project activities and related 
interdependencies.  The activities are then re-sequenced and redefined 
through partitioning and tearing (Browning 2001, Ulrich and Eppinger 
2004). Aka. DSM. 

Design Team Architects, engineers (structural, mechanical, electrical, HVAC, etc.), 
designers, managers, and contractors arranged to provide design services 
on a specific project.  
 

DfX Design for ……. Manufacturability, Lifecycle, Ergonomics, Assembly, 
Sustainability, etc. 
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DMM See Domain Mapping Matrices. 
Domain Domains represent the classification of elements within a system, e.g., 

activities in design or construction, information exchanged between 
designers, or material flows between subcontractors (Maurer 2007, p. 81).

Domain 
Mapping 
Matrices 

A domain mapping matrix is a matrix connecting elements belonging to 
two different domains. Elements of the first domain are aligned along the 
vertical axis; elements of the second domain are aligned on the horizontal 
axis (Maurer 2007, p. 82). Aka. DMM. 

DSM See Design Structure Matrix. 
Design Theory 
Methodology 

The study of how designers work and think; the establishment of 
appropriate structures for the design process; the development and 
application of new design methods, techniques, and procedures; and 
reflection on the nature and extent of design knowledge and its 
application to design problems (Wynn and Clarkson 2005).  

DTM See Design Theory Methodology. 
Engineering A profession concerned primarily with the application of a certain body 

of knowledge, set of skills, and point of view in the creation of devices, 
structures, and processes used to transform resources to forms that satisfy 
the needs of a customer or society (Peters 1996, Ulrich and Eppinger 
2004). 

EVMS Earned Value Management System 
Flow View Design/Construction: Conceptualizes design and construction as a flow of 

information/material, composed of transformation, inspection, moving 
and waiting (Koskela 2000). 

Framework A conceptualization in which multiple theories or models of different 
researchers can be incorporated  (Waldron and Waldron 1996).  

IFOA Integrated Form of Agreement (Lichtig 2005) 
Iteration The process of repeating activities considered complete by some (Ulrich 

and Eppinger 2004). 
JIT Just-in-Time Delivery 
Lean 
Management 
Philosophy 

Management based on the integration and balancing of TFV theory 
conceptualizations. 

LPDS See Lean Project Delivery SystemTM. 
Lean Project 
Delivery 
SystemTM 

A lean conceptual framework developed to express the relationship 
between the five fundamental triads of project delivery (project 
definition, lean design, lean supply, lean assembly, use), work 
structuring, and production control (Ballard 2000b). Aka. LPDSTM. 

LLNL Lawrence Livermore National Laboratory 
MDM See Multiple Domain Matrices. 
Multiple 
Domain 
Matrices 

MDM is a square matrix comparable to a DSM containing system 
elements in identical order on both axes. In contrast to a DSM, different 
types of system elements are included and grouped in domains; the 
MDM can be subdivided into DSMs and DMMs according to domains 
(Maurer 2007, p. 82). Aka. MDM. 
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New 
Production 
Philosophy 

View of production based on the integration of the following 
conceptualizations: Transformation, Value, and Flow (Koskela 2000). 
Aka. TFV Theory. 

owner or 
Customer 

The organization in an AEC production system responsible for 
establishing project criteria, defining and validating user needs, and 
providing financing. 

PERT Program Evaluation and Review Technique 
Point-to-Point 
Method 

A design process characterized by the iterative steps of problem 
understanding and synthesis where individual solutions are tried and 
optimized. Successive attempts are often marked by a refinement of 
design goals (Peters 1996, Ward et al. 1995). 

Process A collection of activities, connected by a flow of goods and information 
that transforms various inputs into more valuable outputs (Gray 1995). 
 
 

Product 
Development 

The set of activities beginning with the perception of a market 
opportunity and ending in the production, sale, and delivery of a product 
(Ulrich and Eppinger 2004). 

Production The designing and making of a product (Ballard et al. 2001). 
Production 
system 

All components of the production process. 

Production-
system Team 
(Members) 

All participants of the AEC production system engaging in a specific 
project. This includes the owner, designers, engineers, contractors, 
subcontractors, suppliers, and inspectors. 

Project 
Stakeholders 

Members of the production system who are impacted directly by efforts 
to reconfigure project activities or processes.  By definition, the owner is 
a project stakeholder. Production-system members are stakeholders to the 
extent that they are impacted based on individual value perceptions. 

QFD Quality Function Deployment 
Rework Unplanned iteration(s) resulting from quality and execution failures 

(adapted from discussion in Fayek et al. 2004). 
SE Structural Engineer or Structural Engineering 
Set-Based 
Method 

A method that begins by broadly considering several possible solutions 
and gradually narrowing the sets to converge on a final solution without 
backtracking. It also involves retaining records (project files) of 
considered solutions and decision reasoning (Sobek et al. 1999). 

TFV See New Production Philosophy. 
Theory General principles of any science or field (Koskela 2000). 
TQM Total Quality Management 
Transformation, 
Conversion or 
Traditional 
View 

Design: Conceptualizes design as a transformation of requirements and 
other input information into product design.  
Construction: Conceptualizes construction as a transformation of inputs 
into outputs (Koskela 2000).  

User Needs  The characteristic valuable attributes of a project described by facility 
users. 
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Unplanned 
Work 

Work necessary to meet the project criteria resulting from planning 
failures, execution failures, or scope change. 

Value Information content or artifact attributes that are beneficial from an 
identifiable view. 

Value View Conceptualizes design and construction as a process where value for the 
customer is created through the fulfillment of requirements (Koskela 
2000). 

VSM Value Stream Mapping 
WBS Work Breakdown Structure 
Work 
Structuring 

The effort to develop a project’s process design while trying to align 
engineering design, supply chain, resource allocation, and assembly 
efforts (Ballard 1999 and Tsao et al. 2000). 
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This dissertation examines the application of domain structure matrix (DSM)-based 

planning software through case-based research. It demonstrates how practitioners can use 

DSM to drive process improvement in design management. This research is supported by 

a deeper understanding of work structuring, work flow, value delivery, and iteration in 

structural design. 

1.1 BACKGROUND 

The US architecture engineering construction (AEC) industry is under domestic and 

overseas pressure to deliver, with increasing time and resource constraints, high value, 

low cost facilities. This industry-wide pressure is similar to that imposed by competitive 

Japanese automakers on the US automobile industry since the 1970s. The US automobile 

industry and broader manufacturing sector successfully adapted and tested a series of 

production tools in response to, and in many cases modeled upon, this overseas 

(primarily Toyota) competition. These production tools have become known by several 

names including ‘world class manufacturing’, ‘lean production’, Total Quality 

Management (TQM), Just-in-Time (JIT), and ‘time based competition.’ 

My personal experiences validate the increasing pressure applied to AEC firms. 

Following my M.S. at the University of California, Berkeley in 1995, I practiced 

structural engineering (SE) at Forell/Elsesser Engineers in San Francisco for nine years. 

My project responsibilities ranged from project designer to project structural engineer as 

my experience grew. I worked on several challenging projects including the San 

Francisco City Hall Retrofit, the Stanford University Science and Engineering Quad, and 

the Asian Art Museum Retrofit. I served as design manager for the Pasadena City Hall 

Seismic Retrofit and it was a finalist for American Society of Civil Engineers (ASCE) 
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project of the year in 2008. In pursuit of greater project management experience, I joined 

Lawrence Livermore National Laboratory (LLNL) in 2004. At LLNL I was exposed to a 

broader set of management challenges including those related to program and AEC 

project management. A common thread throughout my career has been the desire to 

improve the project delivery process. In private and public industry, I was acutely aware 

of financial delivery pressures and frustrations of most AEC project teams. I returned to 

graduate school to pursue performance improvements in a more rigorous setting. 

In parallel with my career development (since the early 1990s), AEC practitioners 

with the ‘lean construction movement’ have applied similar tools and have attempted to 

describe underlying theory and principles. Lean thinkers view AEC projects as temporary 

production systems consistent with the New Production Philosophy. This view is contrary 

to the traditional understanding of projects as a collection of separate transformation 

activities. Management according to the traditional view involves optimizing the 

efficiency of individual pieces of transformation activity (the divide and conquer 

approach), rather than exploring benefits to the production system as a whole. Efforts to 

apply the New Production Philosophy across the AEC industry have centered on the 

development of design/construction theory and the promotion of industry-wide 

improvement. In this manner, lean production theorists extend theory beyond the single 

transformation domain and beyond the view of individual project management. 

The underlying framework of the New Production Philosophy is the view of 

construction as a production system based on the integration of transformation, flow, and 

value views. This extends the traditional view of construction that is typically 

conceptualized as a series of transformation activities. According to the New Production 
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Philosophy, project-wide improvements are rooted in systemic production efficiencies 

rather than in an assembly of individual activity optimizations. According to Koskela 

(1992),  

“Construction has traditionally tried to improve competitiveness by making 

conversions incrementally more efficient.  But judging from the manufacturing 

experience, construction could realize dramatic improvements simply by 

identifying and eliminating non conversion activities.  In other words, actual 

construction should be viewed as flow processes, not just conversion processes.  

As demonstrated previously by the manufacturing industry’s experience, adoption 

of the New Production Philosophy will be a fundamental shift for the construction 

industry.  The implication of this for design is that the process of construction 

must be developed in conjunction with the design itself.” 

Lean practitioners have developed a conceptual framework for AEC project 

production processes as shown in Figure 1.1. This framework captures the lifecycle 

characterization of a facility from the transformation view and suggests flow connectivity 

with overlapping triangles. The stages identified are project definition, lean design, lean 

supply, lean assembly, and use. The representation also captures the need for production 

control and work structuring which are essential to planning and executing the project in 

alignment with owner and production-system team values. 

Within the context of this framework, alignment of project definition and use are key 

to maximizing the value proposition from the owner’s view. As such, they are the 

primary value domains of the system. The value domains book-end the transformation 



 

 5 

activity domains of lean design, lean supply, and lean assembly. These ‘core’ domains of 

the project represent the means by which the value conceptualization is realized. 

Purposes
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Design
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Process
Design

Product
Design

Detailed
Engineering

Fabrication
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Installation
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Operations & 
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Production Control
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Learning
Loops

 

Figure 1.1: Lean Project Delivery System TM (Ballard 2000b). 

Production control refers to the ability to plan the flow of work and track project 

progress with the aim of increasing plan reliability, learning from previous experience, 

and re-planning future work when necessary. The Last PlannerTM system is the form of 

project production control currently used within the lean community (Ballard 2000a).  

Work structuring is the effort to develop a project’s process design while trying to 

align engineering design, supply chain, resource allocation, and assembly efforts (Ballard 

1999, Tsao et al. 2000, Tsao and Tommelein 2001, Ballard et al. 2001, and  Tsao et al. 

2004). The goal of work structuring is to maximize the overall performance of the project 

by chunking and distributing the work in the most suitable manner. This includes 

considering activities, their dependence and interaction, hand-offs, continuous work flow, 
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and the value generation. Tsao et al. (2004) provides a more comprehensive description 

of work structuring within AEC projects. The lean concept of work structuring challenges 

the traditional work breakdown structure that decomposes projects into a collection of 

individual activities. In challenging current practice, lean work structuring relies on new 

relational contracts, based on service provided, rather than on transactional characteristics 

mandated by traditional contractual arrangements. This new form of contract termed the 

Integrated Form of Agreement (IFOA) is a relational contract developed by Lichtig (2005) 

and currently in experimental use across Northern California and other states in the U.S. 

Lean work structuring optimizes the delivery system considering work content of team 

members and interrelated hand-offs.  

Finally, the lean  production system is characterized by systematic learning and 

improvement within projects, from project to project, and among multiple projects. The 

concept of ‘production system’ is currently understood as the designing and making of a 

product (Ballard et al. 2001). Accordingly, this dissertation defines production as the 

process of value realization through design and physical transformation. The concept of 

production has emerged historically from roots in the manufacturing sector. As a result, 

our understanding of production-system theory is skewed toward a focus on ‘realization’ 

(physical transformation) rather than ‘conceptualization’ (design). Due to this emphasis, 

our understanding of system-wide interactions between design and physical 

transformation are limited.  The LPDSTM model addresses these limitations where 

overlapping triangles are indicative of interaction within and between phases of the 

project, and in the traditional case, interaction between separate organizations.  In the 

lean case, the bridge between separate organizations is spanned by the IFOA. The goal 
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IFOA efforts is to set-aside traditional organizational roles and liability assignments, in 

favor of new arrangements, which maximize the performance of the entire project team. 

Similar to TFV theory, the LPDSTM is still conceptual in nature, and researchers are 

working to expand our understanding of its implications. Opportunities exist, with the 

application of manufacturing DTMs, to extend our understanding in a more formal 

manner. One such opportunity, is in the application of Multiple Domain Matrices (MDM) 

to extend the inter-phase relationships implied by the LPDSTM into a more rigorous 

multiple domain network. By decomposing the production system into domains mapped 

in the context of TFV theory, it is possible to gain greater insights into the transformation, 

flow, and value constellations inherent in the LPDSTM. This construct is discussed in 

greater detail in the future work section of (Chapter 6). 

Distributing design throughout the production system through work structuring 

facilitates direct interaction, hand-offs of information and/or material, between all phases 

of the project. Design in this context includes design of the design process, design of the 

facility, design of the supply chain, and design of the construction process. Eppinger 

(2001) identifies the exchange of information as the essential component of innovation in 

the design and manufacturing process.  The multiple exchanges between designers and 

the other production-system team members provide opportunities to improve overall 

project performance through integration and improvement. This lean view of design as 

the central “backbone” component of AEC production-system performance is an 

extension beyond the traditional view that limits the role of the designer to facility 

conceptualization.  
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According to the lean production philosophy, designers also participate in the 

development of construction supply chains and the other parts of the production system 

including the design process itself.  These new roles and responsibilities imply more 

interaction between designers, users, owners, contractors, suppliers, and others.  From a 

theoretical, as well as from a research standpoint, this implies a shift in focus from the 

study of the Design Theory Methodologies (DTMs) of individual designers to the study 

of  the DTMs governing  teams. In this case, team members include designers (those who 

conceptualize) and suppliers/contractors (those who realize). It also highlights the 

leveraged effects of design optimization: design modifications or flexibility included 

during the facility design phase that account for later process designs (supply chain 

logistics, fabrication processes, construction means and methods), are in a position to 

greatly enhance the performance of the overall system. 

Literature review and preliminary case-study findings indicate that little formal 

education or research in design or production theory (outside of the lean movement) has 

been conducted within the AEC community in general, and in the structural engineering 

community specifically. Many structural engineering design texts suggest the use of 

point-to-point design methods for the individual engineer but do not spell out alternative 

methods for the individual nor any methods for the team. Design methods and processes, 

integrated design for realization, and design with the focus of owner value generation, 

when incorporated in practice, are not identified as such. Design for ‘constructability’ is a 

subset of design for realization, where designers incorporate ‘construction means and 

methods’ considerations into design details. These efforts are typically limited to the 

arrangement of materials within details and rarely consider supply chain and logistics 
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aspects of construction that often times become integrated into organizational behavior 

based on: 1) informal training, 2) previous experience, and 3) reflection.  

The study of production-system applications is a way to confirm and extend formal 

production theory and principles. Recent research has identified as major impediments to 

industry-wide improvement, the failure of traditional engineering and project 

management techniques to address AEC ‘flow’ and ‘value’ considerations, and an 

excessive focus on ‘transformation’ considerations. This research focuses on introducing 

flow and value considerations across the entire production system in balance with 

existing transformation components.   

Research in DTM and manufacturing has historically been championed by academia 

and practitioners within the fields of mechanical engineering and new product 

development. With the conception of the TFV production theory and the subsequent lean 

movement, the research focus has shifted to include academia within the field of AEC. 

Koskela (2000, page 21) describes the relationship between theory and practice with a 

conceptual pyramid. This depiction is reproduced in Figure 1.2. At the top are theories 

underlain by principles. At the base are methods and tools. Koskela’s view is that theory 

is developed and tested in two ways, “In the first, abstract theory is developed and formal 

principles are documented. This theory is then tested through methodological and tool 

based experiment. The second, is to observe the deployment of tools for signs of  

overarching theories or principles.” The research of this dissertation falls primarily under 

the first means, however it is anticipated that some theory will be generated through 

observation.  The application of design management tools is studied in the context of 

TFV theory and principles in an effort to gain additional theoretical insight. 
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Figure 1.2: Development of Concepts from Methodologies (Koskela 2000) 

1.2 MOTIVATION 

The motivations for this research are twofold: 1) to explore new theoretical insights and 

findings on TFV theory and, 2) to address persistent industry-wide dysfunction made 

evident and exacerbated by: 

• A decline of macro labor-productivity rates that runs contrary to productivity 

gains in other sectors of the US economy. 

• An ongoing lack of research and development investment by the AEC community. 

• The failure to recognize an increasing trend of complex “wicked” projects. These 

projects require dynamic management systems that recognize the non-linearity of 

complex production-system processes.  

• The desire to increase value delivered to owners and production team members 

throughout the delivery of AEC projects. 

Principles 

Methodologies 

Concepts 
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• A failure of traditional AEC project management practices to recognize projects 

as temporary production systems.  As a result, current standard practices are 

devoid of flow and value consideration (see Chapter 3). 

• The failure to study, develop, and integrate design theory methodologies in 

structural engineering curricula and industry training (see Chapter 3). 

Each of these is developed further in the next sections. 

1.2.1 Decreasing Industry Productivity 

The US construction sector has suffered significant productivity index losses over the last 

half century approaching -0.6% per year.  During the same period of time, the non-farm 

labor-productivity index has steadily increased at a rate just over +1.75% (Figure 1.3).  

Productivity metrics are complex and can tell a variety of stories. In this case, the 

productivity index is based on [$ of contracts/work hours of hourly workers]. This 

productivity index is influenced by many complex factors including individual 

productivity rates (defined as [work output/hourly rate]), required corrective rework, the 

inclusion of non-value adding wasteful activities, etc. The comparison indicates the 

construction industry is facing challenges because one would expect this rate to increase 

(due to e.g.,  numerous labor-saving technical advancements that have been developed) 

over the same time period.   

Figure 1.3 can be interpreted many ways. Lean practitioners are skeptical of labor-

productivity indices because they capture specific transformation efficiencies (point 

speed) and ignore the remaining production considerations of value and flow. Localized 

labor-productivity gains are not necessarily correlated to an increase in overall project 
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improvement because efficiency in the delivery of system components is often offset by 

losses elsewhere, as they are inter-related.  Nevertheless, as the sample population for 

productivity metrics increase from localized activities, to projects, to industry, the noted 

decrease in productivity (Figure 1.3) becomes a more meaningful representation of 

project outcomes. 

 

 

Figure 1.3: Labor-productivity Comparison (Teicholz 2004) 

Many reasons may explain this decreasing trend. One reason is that the AEC industry has 

become increasingly fractured and specialized during this time period. The concrete 

industry is an example of increased specialization. General contractors who previously 

self-performed concrete work now manage a series of subcontractors including separate 

reinforcement suppliers, reinforcement fabricators, concrete suppliers, formwork 

suppliers, concrete placers, dimensional layout crews, inspectors, and carpenters for 
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formwork installation.  It is challenging to coordinate these disparate parties and provide 

contract terms that motivate all of them to contribute to overall project success. Another 

reason is that these separate parties also incorporate specialized designers, subcontractors, 

and manufacturers/suppliers.  Reinforcement couplers are an example of specialization as 

they are provided to reinforcement suppliers by a limited group of manufacturers (e.g., 

centrifugally fused anchorage called T-heads can only be installed by the specialty 

supplier Headed Reinforcement Corporation). 

Mar (2005) identifies increasing design specialization as a major obstacle to 

integrated design. The globalization of the AEC industry counters efficiency as 

companies often are working away from their business centers in unfamiliar sectors. 

Supply of unskilled labor migrating from outside the US provides little incentive to 

reduce project labor hours, this notwithstanding, labor shortages are looming in 

specialized trades. Liability issues continue to limit the sharing of ideas and constrain 

construction practices to industry standards. The assignment of design and construction 

liability inhibits creativity in considering innovative solutions, limits the flow of money 

and risk across traditional project boundaries, and generally creates an adversarial 

relationship between team members on AEC projects.  Liability issues are most evident 

on design-bid-build projects where all parties carefully manage risk exposure with little 

regard for overall project success.  

1.2.2 Lack of Research and Development 

The AEC industry as a whole has invested poorly in project management research 

including design and construction oversight.  Teicholz (2004) estimates investment in 

research and development activities across the industry remains at less than 0.5% of total 



 

 14 

contract values, including research conducted by government and industry agencies. This 

is substantially below the 3.5% invested by comparative industries (Teicholz 2004). A 

reason for this research deficit is the historical lack of theoretical development related to 

construction methods. For this reason, innovative solutions are often viewed as project or 

activity specific, rather than examples of standard practice. Many companies view their 

optimized practices as proprietary and keep them private to maintain and protect a 

competitive advantage. Standard billing practices also restrict research and development 

efforts. owners demand hourly accountability for efforts directed solely at their project. 

AEC research promises to provide insight into efficient work structuring and design 

and construction process integration. The development of design and construction theory 

addresses this deficiency by providing causal reasoning for improvements, a framework 

for instruction, and proven concepts for later application.  There are several reasons for 

low research and development rates that are traceable to: 1) the diversity of large owner 

clients who do not view themselves as a part of the construction process, 2) mobile work 

force, 3) projects are large and experience frequent personnel turnover, 4) lack of 

innovation at interfaces due to industry fragmentation (Slaughter 1999), and 4) the lack of 

data relating return on investment with AEC research and development efforts. Few large 

institutions have realized and documented large gains from construction design and 

management research. Current research seeks to link lifecycle facility savings with 

efficiencies gained during the design and construction phases. These gains are likely 

substantial and may provide additional justification for project management research. 
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1.2.3 Increased Project Complexities 

Projects have grown increasingly complex in many respects. Complexity, as discussed 

within, is an attribute of dynamic systems with behaviors driven by cause-and-effect 

dependency chains formed within market, product, organization, or process dimensions. 

Complexity is further categorized as numeric or relational (adapted from Maurer 2007). 

Current traditional projects utilize increasingly complex technology. Examples of this 

trend include viscoelastic dampers, isolation bearings, inert gas fire suppression systems, 

energy saving mechanical systems, computer access floors, etc. These projects are also 

integrated at higher levels with computer systems that monitor and control all 

mechanical, electrical, and security systems and mechanical systems that are incorporated 

within the framework of the structural system.  The fast track method of construction is 

gaining in popularity and places more stringent schedule constraints on projects thereby 

increasing the need for simultaneous engineering and construction.  

Rittel and Webber (1973) coined the term “wicked problems” to characterize the 

challenges of dynamic planning problems. They argued that simple, static solutions or 

approaches to wicked problems cannot succeed.  The only successful solutions are those 

that recognize the inherent non-linearity of systems and allow for iteration, feedback, and 

delay. In other words, successful management solutions must recognize the system 

characteristics of project production. They further argued that wicked problems cannot be 

fully understood in the absence of a proposed solution. These solutions tend to be unique, 

without means to objectively evaluate effectiveness. Wicked solutions require relative 

comparison for validation 

Lane and Woodman (2000) have applied this concept to ‘wicked projects.’   They 

highlight the increasing complexity of business planning and facility operations 
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requirements as major contributors to increasingly complex project solutions.  Wicked 

projects are described as those where the process dynamics and behavior complexities are 

high, where different groups of key decision makers hold different assumptions, values, 

and beliefs, and where component problems cannot be solved in isolation from one 

another.  

1.3 RELEVANCE 

1.3.1 Growing Lean Movement 

The ‘lean’ production philosophy is rooted in concepts Toyota engineers established and 

developed in post WWII Japan, now known as the Toyota Production System (Liker 

2004). Under pressure from global competition, especially in the 1970s and 1980s, US 

automobile and other manufacturing companies have since explored lean thinking and 

adopted its tools and principles (Womack et al. 1990). 

The AEC industry is undergoing a similar revolution. Since 1993, the International 

Group for Lean Construction (IGLC) (http://www.iglc.net/) and since 1997, the Lean 

Construction Institute (http://www.leanconstruction.org/) have been advancing lean 

construction theory and promoting its practical application. Lean concepts have been 

tailored to suit the AEC industry and concepts of project-based production are being 

developed (http://p2sl.berkeley.edu/) (Koskela et al. 2002, Ballard et al. 2002). Examples 

include recognizing the detrimental impact interdependence and variation have on 

process performance (Tavistock 1966, Howell et al. 1993, Tommelein et al. 1999), 

creating plan reliability (Ballard 2000a), pulling (Tommelein 1998), and work structuring 

(e.g., Tsao et al. 2004). Practitioners of lean construction have since benefited from 
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system-wide productivity gains and cost competitive advantages (e.g., Ballard and Reiser 

2004). 

Given the research successes documented by the lean movement and the industry-

wide momentum gathering behind the lean research agenda, it is an ideal time to explore 

lean design concepts. One component of the lean movement is to study design and 

construction management activities through experimental observation, definition of new 

management metrics, and data collection. This research is of interest to practitioners 

seeking competitive advantage relative to peers, and academics striving for advancement 

that will drive industry-wide improvement and deeper understanding. This is well aligned 

with the proposed research methodologies outlined in later sections of this dissertation. 

1.3.2 Industry Mandates 

A prominent project management organization, serving the AEC practice along with 

other industries, is called the Project Management Institute ( PMI).  Koskela and Howell  

(2002) observed that PMI’s primary body of knowledge, the PMBOK, ignores the role of 

management theory in administering projects and developing best practice.  They then 

develop the argument that the PMBOK is based on traditional, now obsolete theory.  

Koskela and Howell’s view is that traditional management theory is based solely on the 

transformation view and that this theory provides an obsolete foundation for traditional 

management best practice.  The fact that PMI published this paper recognizes the 

growing industry interest in identifying the role and content of project management 

theory in AEC industry-wide performance. 
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1.3.3 National Academic Agenda 

In parallel with  design theory methodology (DTM) research spearheaded by mechanical 

engineering academics in the 1980s, professors at major academic institutions began to 

question the development of design theory within the civil engineering community. 

Researchers at the University of California began to look at integrated building design 

where the primary objective of design is to optimize the ‘environment’ of the facility as a 

whole. Lin and Stotesbury (1981) also identified increased specialization of engineering 

education as contrary to this objective. 

“As a result, many educators in architecture and in engineering now agree that 

any field of technological knowledge, such as structure, must be understood in 

overall terms before it can be applied with creativity at the formative stages of 

environmental design thinking.  They do not deny that specialized learning can be 

useful, but they recognize a central challenge for educators:  A means must be 

found for teaching students of both architecture and engineering how to 

conceptualize technological knowledge in a total-system context.”  

With the development of the New Production Philosophy by Koskela (1992) and with 

significant progress demonstrated by the manufacturing sector in production-system 

management (e.g., by the ‘design for manufacturability’ movement in 1980s), researchers 

re-centered their focus on the AEC production system rather than the buildings 

themselves.   

The National Science Foundation (NSF) and the Construction Industry Institute 

sponsored a research workshop in 1997. There, academics developed a series of pressing 

research needs. Several of the needs identified for institutional research are in line with 
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those proposed for this dissertation including a need for interviews to identify systemic 

problems, a need for benchmark data collection and metrics to drive research needs, and a 

need to pre-plan research projects to ensure the wholeness of data collection. The 

workshop also developed several potential research topics that are addressed by this 

dissertation.  These include performance metrics, cost/schedule controls, and 

communications research (Wiezel 1997). 

Stanford University and the University of California, Berkeley hosted a research 

workshop in 1999 entitled, Defining a Research Agenda for AEC Process/Product 

Development in 2000 and Beyond.  The primary conclusion of this conference was that 

the AEC industry needed more research and development. Research needs were 

identified to address increasing project complexities driven by specialization, 

fragmentation, litigation, and globalization.  Several white papers were delivered that 

captured more specific needs. Koskela (1999) writes, “the formation of theory will be the 

single most important force influencing the construction industry.”  Koskela based this 

need on the ability of theory to explain observed behavior, predict future outcomes, 

underpin improvement tools, and provide a common language for education.  Fischer 

(1999) identified construction process comparison tools as a major need in the future.  

Slaughter (1999) described the need for additional research in understanding the lifecycle 

value measurements for integrated buildings systems sited in dynamic environments.  

The work presented in this dissertation, based on the New Production Philosophy’s tenets 

of transformation, flow, and value, addresses these research needs directly. 
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1.4 THESIS 

Implementation of the DSM methodology during the AEC design process provides work 

structuring, work flow, and value delivery benefits from a theoretical and practical point 

of view. 

1.4.1 Founding Assumptions 

This statement is predicated on a couple of founding assumptions: 1) there are available 

DSM tools that have the capability of impacting production-system characteristics, 2) 

system-wide impacts are observable through objective research methods and, 3) these 

impacts are describable by the New Production System Theory. The generation and 

extension of production theory is beneficial. Theory provides underlying principles that 

are used to understand how systems operate and how they might operate following 

engineered modifications. Principles serve as educational tools that empower 

practitioners and academics to seek solutions beyond those previously implemented. In 

other words, production theory enables the engineered optimization of delivery systems. 

1.4.2 Design Role within Structural Engineering  

Structural design impacts as considered in this dissertation are not limited to the 

traditional design phase of projects. Design occurs throughout the entire lifecycle of the 

production-system and design impacts are therefore distributed throughout as well. 

Production-system design has three inter-related views: 1) Building ‘product’ design, 2) 

Construction ‘manufacturing’ process design, 3) Design process design. Design and 

realization are interwoven throughout the production process. Design impacts are then 

closely related to production-system work structuring. Each phase of the realization 

process in the production system requires associated process designs. 
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1.5 OBJECTIVES  

The objective of this research is to develop a deeper understanding of New Production 

Theory as applied to AEC design. Specific objectives include: 

• To further the understanding of work structuring in the context of structural 

engineering design. 

• To establish actionable goals for work structuring in design planning. 

• To develop a greater understanding of work structuring impacts in the entire 

production system. 

• To gain greater insights into positive and negative iteration in design. 

• To gain greater insights into unplanned work in design. 

• To develop a deeper understanding of the interaction between the design and 

realization process. 

• To gain insights into the impacts of new technology and new tools on design 

processes and on overall production-system characteristics. 

1.6 SCOPE 

The scope of this research is to study the application of DSM within the design phase of 

AEC projects. The projects studied and described within this dissertation focus on 

structural design, specifically of structural building and seismic retrofit systems. 

Mechanical, electrical, plumbing, and architectural design aspects are a part of the studies 

but play only secondary roles. 
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1.7 RESEARCH QUESTIONS 

The following questions extend the body of knowledge related to AEC design and 

production-system management through the application of experimental methods. These 

questions apply to the tool studied in this dissertation. 

Q1. Can DSM be applied in AEC design work?  

Q2. How does this tool address transformation (work structuring assignment) 

considerations in the design process?  

Q3. How does this tool address information flow (process) considerations in the design 

process?  

Q4. How does this tool address owner and team member value considerations in the 

design process? 

Q5. What are the qualitative impacts of  tool implementation on the cost, quality, and 

schedule of the design phase and entire project?. 

Q6. Is this tool theoretically tied to other potential applications? 

Q7. How is the tool applied?  

Q8. What resources are required to implement the tool?  What is the cost of these 

resources and how are they funded? 

Q9. Do organization barriers impact implementation? In what manner? 
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Q10. Which members of the design team and production system are most involved and 

what is the nature of their involvement in tool deployment? 

Q11. What conversations are facilitated at internal design coordination meetings and 

owner’s representative meetings?  

Q12. Who leads the tool implementation?  What are the necessary skills of this leader? 

Q13. What opportunities arise for institutional learning during the application of this 

tool? 

1.8 METHODOLOGY 

The proposed methods of research are case-based research, action research, and 

interaction analysis. The observation, generation, and extension of TFV production 

theory will be accomplished through ‘proof of concept’ experimentation. The DSM 

methodology will be employed on two projects; 1) a seismic retrofit project ($5M total 

project cost) at Lawrence Livermore National Laboratory (LLNL) where the DSM 

learning process and implementation will be documented through action research, and 2) 

a traditional steel building production system where the applicability of DSM data 

collection will be validated by a private company. DSM, CPM schedules, and swim-lane 

process diagram tools are applied to gain insights on the case studies. 
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1.8.1 Design Experiment Data 

As the design proceeds, case-study data (see reference for Chapter 4) from the seismic 

retrofit will be collected including: 

• LLNL preliminary design findings and cost estimate. 

• LLNL request for proposal. 

• Degenkolb Engineers B511 retrofit proposal. 

• Project communications including emails, memos, letters, and meeting minutes. 

• 3-D laser scanning imaging by Optira. 

• Project deliverables at 35%, 65% (omitted) and Final Design: Drawings, 

Specifications, Calculations, Cost Estimates. 

• Collateral impacts schedule by frame location. 

• Design Schedule (baseline and improved by DSM) 

• LLNL design and constructability review comments. 

Video footage will be taken for reference including: 

• DSM and schedule arrangement meetings (2 total).  

• Project coordination meetings involving BIM software (1 total).  

As the design proceeds, case-study data from the steel building production system  

will be collected  from Ghafari (see references for Chapter 5) including: 

• Project manager interviews on December 12 and 19, 2008. 

• Project traditional building process value stream map. 

• Project journal article describing ongoing improvement efforts. 

• Presentation to the IGLC Lean Coordinator’s meeting by the project team 

describing value stream mapping implementation process and benefits. 
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1.8.2 Case-based Methods 

Cased-based research is an interpretive form of research that uses both qualitative and 

quantitative methods as well as obtrusive and unobtrusive methods to derive underlying 

theory from observed phenomena.  The goal of case-based research is to understand a 

phenomenon being studied through perceptual triangulation (Meridith 1998), in other 

words, to compile several sets of suggestive evidence in support of that same underlying 

theory. “The typical tools of case-based research include reviews of financial data, 

interviews, memoranda, business plans, organizational charts, questionnaires, 

observations of actions and interactions.” (Meridith 1998). 

Case-based research is often scrutinized by the academic research community 

because of several inherent limitations related to the development of theory.  Case-based 

findings may be sensitive to the context of observation as well as the view of the reviewer.  

Case-based findings are also difficult to reproduce in similar settings by researchers other 

than the one who first studied the case.  For this reason it is important to clearly 

document the boundaries and context of the research, plus the experience and view of the 

researcher.   

Case-based methods do have the benefit of producing real, applicable findings.  The 

observations and theories that are generated are grounded in specific examples of 

observed behavior.  The concept of readily-applied results separates case-base methods 

from traditional rational research that is often criticized for producing very exact but 

‘irrelevant or trivial’ findings (Meridith 1998). Central to the quality of case-based 

research is the context in which to make an observation.  The context interacts with both 

the extension of findings and the contribution to the knowledge base itself (Bea 2007). 
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1.8.3 Action Research  

Action research is a complimentary tool to case-based studies. In action research, the 

investigator actively promotes a new form of behavior. In the case of this dissertation, the 

DSM methodology and the implementation of positive iteration planning are contrary to 

traditional AEC planning methods. Action research was first described by Lewin (1947) 

as “a comparative research on the conditions of and effects of various forms of social 

action and research leading to social action.” Action research involves the researcher 

directly in the research project, often as a promoter of change (Susman and Evered, 

1978). The results of action research cannot necessarily be generalized for broad 

application, as action research seeks to find solutions that are “localized” for specific 

situations (Stringer 2007). Action research is a common companion to case-based 

methods when new methodologies or approaches are the subject of study. 

1.8.4 Interaction Analysis  

Interaction analysis is an observational research methodology based on qualitative 

analysis methods used in the social sciences. The research goal of interaction analysis is 

to record video of actual (design) activities to identify how the (people) designers 

accomplish their work and what problems they encounter along the way (Tang and Leifer 

1991). This method is widely implemented in the fields of anthropology and qualitative 

sociology with the goal of understanding how human activity is accomplished through 

interactions between humans and the artifacts of their environment. It is ideally suited for 

design research because of the ability to capture team interactions with design tools in 

actual design environments. Interaction analysis is an extension of conversation analysis, 

which involves the study of discussions between participants. Interaction analysis in the 
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context of design research considers interactions between people and tools in an effort to 

understand how the tools impact the design process. 

Tang and Leifer (1991) found that interaction analysis is most effective in design-

research when applied to the study of small groups of participants of up to 8 people, with 

sessions no longer than 1 ½ hours long. The sessions are video taped in the least 

obtrusive manner possible, with a passive camera (or cameras) as required to capture 

group and tool interactions. The video is then studied in the following steps: 1) Becoming 

familiar with the data, 2) Developing a workable representation of the data and, 3) 

Abstracting patterns and general observations (Tang and Leifer 1991). An additional step 

used during this research is the validation of data by following up with the individuals 

and confirming their understanding of the interaction. 

1.9 DISSERTATION STRUCTURE 

This dissertation is arranged in sections that map to the applied research methodology 

shown in Figure 1.4. 

Chapter 1 provides an overview of the research. It defines the context, motivation, and 

relevance of this dissertation from both applied and theoretical views. It defines the 

‘thesis’ or proposition researched and reported on in this dissertation. The chapter 

concludes with the research methodology prepared to investigate the thesis. 

Chapter 2 presents the current understanding of SE design theory, as reported in 

literature and understood through conversation with practitioners and researchers 

including: traditional AEC theory, TFV theory, and manufacturing theory. This literature 

review provides the backdrop for the consideration of design tools applied in support of 



 

 28 

process improvement. This chapter concludes with a summary of current tools studied in 

this dissertation and several-closely related alternatives. 

Chapter 3 synthesizes the findings from a research questionnaire designed to establish 

current local practice with respect to the application and training of DTMs. The responses 

to this questionnaire help frame conclusions later drawn from the case studies.  

Chapter 4 presents the case study of the LLNL Building 511 seismic retrofit design. This 

presentation includes design objectives and participants, and an overview of the 

components of the project. This research categorizes observations in terms of work 

structuring, work flow, value generation, and iteration understanding. The concluding 

section summarizes case-study specific findings. 

Chapter 5 presents the validation case study of  a steel building production system. This 

presentation includes a summary of the project objectives and participants, and presents 

an overview of the components of the production system. This research categorizes 

observations gained during the translation of a VSM into a DSM in terms of work 

structuring, work flow, value generation, and iteration understanding. The concluding 

section compares case-specific findings with those of Chapter 4. 

Chapter 6 presents an itemized response to research the research questions, theory 

extended beyond the case studies, and suggested best practices for AEC design 

management.  The section concludes with a list of ‘contributions to knowledge’ and a 

discussion of future research questions. 
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Figure 1.4: Dissertation Structure 
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2.1 SUMMARY 

The goal of this literature review is fourfold; 1) Understand the state of knowledge of 

DTMs (both theory and applications) within manufacturing and AEC industries, and 

academia, 2) Provide a language for the problem statement that is consistent with 

previous and ongoing research by others and to facilitate sharing and development of 

ideas, 3) Identify and describe alternative tools and theories, 4) Provide a framework or 

contextual relationship for original contribution based on the boundaries and landscape of 

current research. 

2.2 NEW PRODUCTION PHILOSOPHY 

At the heart of the lean construction movement is the integration of three competing 

management views representing transformation, flow, and value generation (TFV) 

(Koskela 1992, 2000). In the transformation view, “production is conceptualized as a 

transformation of inputs to outputs” (Koskela et al. 2002). Koskela (1992) claims that 

traditional construction is predominantly managed in accordance with the transformation 

view while ignoring flow and value generation (e.g., management efforts are centered on 

individual activity optimization and resource productivity).  

However, this view has two deficiencies (Koskela et al. 2002): “It is not especially 

helpful in figuring out 1) how to avoid wasting resources, and 2) how to ensure that 

customer requirements are met in the best possible manner.” Therefore, projects managed 

using traditional approaches tend towards being ineffective and inefficient (Koskela and 

Vrijhoef 2000). In the flow view, goals include reducing variation, simplifying handoffs, 

and decreasing lead times. In the value view, goals are to identify customers at all levels 

and generate value for all. “The crucial contribution of the TFV theory of production lies 
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in calling attention to modeling, structuring, controlling, and improving production from 

these three points of view combined” (Koskela et al. 2002). In AEC production 

management, these three views can be integrated and balanced to meet occurring 

management needs. The New Production Philosophy is the predominant form of 

emergent theory of design and construction within AEC.  

2.2.1 Design as Transformation 

The characterization of design as transformation has been traditional in the AEC industry.  

From this view, the design process is seen as a collection of activities that, when properly 

executed, produce the required product. Design management places emphasis on what 

needs to be done and who is responsible. The classic representation of this view is the 

work-breakdown-structure (WBS) that decomposes large design activities into discrete 

sub-activities. Responsible parties, estimated costs, and earned values are then assigned 

to individual activities and activity groups.  

Overall design parameters such as cost or completeness are then determined by re-

aggregating the sub-divided activities. Transformation design activities can be classified 

based on their sensitivity to resource demands including required input information 

quantity/quality. Design activities may be classified as ‘conceptual’ or ‘detailed’, or as 

‘production’ or ‘coordination’ (Jin and Levitt 1996). 

2.2.2 An Alternate View: Design as Value 

Project value is provided  to the owner through the fulfillment and realization of user 

needs. When considering value in AEC production-system design it is necessary to 

realize the three distinct objectives of design: 1) design of the facility, 2) design of the 

building design process, and 3) design of the building construction and supply chain 
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processes. Each type of design varies in relationship to meeting owner criteria or user 

needs. The first two forms of design relate to conceiving and communicating facility 

requirements and specifications. Design of the building and design process generate 

owner value through the fulfillment of criteria and user needs. The third relates to the 

value realization process, i.e., the supply chain logistics or construction methods. 

Examples of realization-process design goals include reduced lead times, simplified 

supply chain, increased quality, and reduced rework. 

Value generation plays a key role in design because it provides the motivation for 

undertaking a project. Value has two components, which can be spelled out as objective 

and subjective requirements (Thomson et al. 2006). Objective requirements are those that 

can be achieved and compared with certainty. Examples include cost, code compliance, 

observable or derivable performance characteristics, measurable quality parameters, and 

duration. Subjective requirements cannot be compared with certainty. For this reason, 

they are be based on comparison with known datum from recognized views. An example 

of subjective value could be the relative aesthetics of a design option or the future 

flexibility of a facility floor plan.  View (of the individuals establishing value)  is 

necessary for these comparisons because it impacts our understanding of relative value.  

When evaluating a floor plan, a company (graphic designer firm perhaps) might value the 

quality of light in the space where another company ( engineering design firm perhaps) 

might value flexibility of cubicle arrangement. 

The production system encompasses many views on value: the view of the owner, 

user, contractor, supplier, designer, inspector, and individual team member.  When 

considering value in design processes, these views narrow to the user (or user designate), 
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design firms, and designers. Alignment of value expectations across the production-

system team can significantly contribute to project success. 

2.2.3 An Alternate View: Design as Flow 

Information is the flow that most characterizes the design process (Austin et al. 2000, 

Browning 2001, and Eppinger 2001). Models used to describe the design process as such  

are termed information or parameter flow models, depending on the classification 

framework imposed on the information exchanged.  Austin et al. (2000) lists the various 

system representations historically considered including design flow diagrams, IDEF0 

techniques, entity relationship diagrams, Jackson diagrams, object oriented modeling 

systems, and Petri nets. Consensus was generally reached by civil engineering academia 

in the mid 1990s that the IDEF0 representation adequately characterizes the flow of 

information within linear portions of AEC design. Research is ongoing that challenges 

this belief. During non-linear portions of design, where intensely iterative or highly 

interdependent design activity chunks occur, this model appears to break down. During 

highly collaborative design sessions, information exchange and activities performed are 

often adjusted based on designer interaction. Design sequence steps can be re-ordered or 

skipped based on design maturity and evolution.  

IDEF0 was originally devised in the 1970s by the aerospace industry and is now 

applied broadly in the context of design processes and systems (Austin et al. 2000). The 

primary features of IDEF0 are that it can be subdivided as needed to provide necessary 

detail and it captures the critical resource, control, information flow, and inter-

dependence relationships that characterize building design as shown in (Figure 2.1) 

(Kusiak 1999). 
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Figure 2.1: IDEF0 Design Representation (Information Flow Characterization) 

Assuming an IDEF0 representation, an entire design processes can be assembled with the 

addition of serial, parallel, independent, and inter-dependent design activities. These 

activity relationships are determined by the order of the required activities and 

prerequisite information. Activities consume resources and may contribute directly to the 

value proposition or may be unnecessary or wasteful. In AEC design, these resources are 

commonly designers with various levels of experience and skills, analysis software 

programs, or related software (CAD, EXCEL, MS Project, etc.) The activities are 

controlled by management directives. These directives include when to execute the 

activity and what form and content of information is to be considered. 

The IDEF0 model depicted in Figure 2.1 is similar to the activity definition model 

(Figure 2.2) described by the lean community as a design and construction process 

representation (LCI Website 2008): 

“An input-process-output representation(Activity Definition Model) of design 

tasks or construction processes. The model depicts the specification of directives, 

prerequisites (including materials and information to be transformed into the 
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desired output, entering the process rectangle from the left), and resources. It 

also shows an inspection process resulting either in redo or release to the 

customer process. The model is used as a guide to exploding scheduled tasks into 

a level of detail at which their readiness for execution can be assessed and 

advanced.” 

 

Figure 2.2: Activity Definition Model (LCI Website 2008) 

The primary difference between the IDEFO and the activity definition model is the 

‘checking’ action that occurs following activity completion. This represents the 

realization that all activities are not completed properly due to several root causes: mis-

directives, human error, computational error, etc. 

When design is conceptualized as a production system, there are four states of 

information identified as: in transformation, waiting, moving, and inspection (Koskela et 
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al. 1997). Another way to conceptualize these states of information is to consider these 

four analogous states for material in manufacturing. Raw materials arriving at a plant are 

similar to design criteria and information about as-built conditions received at the on-set 

of design. Information  passed between parties or within design teams often waits before 

being acted upon. This is similar to material waiting in batches between manufacturing 

processes. Drawings in transit to the owner or jobsite are an example of information 

moving, just as material and sub-assemblies move through a manufacturing process. 

Finally, information is inspected (reviewed) upon receipt for completeness and accuracy. 

This is similar to inspections that are performed on material in processing throughout a 

manufacturing process. These inspections (design reviews) validate the ability of the 

information to meet the intended purpose of down-stream design participants.  

Information passes through transformation activities by either a push or pull. Pulled 

information is produced in order to directly release downstream activities. Information in 

a pulled system does not wait prior to ‘processing’ by an activity. Pushed information is 

passed based on a pre-arranged plan of activities that is often arranged around optimizing 

the efficiency of individual transformation activities. Because of the focus on activity 

efficiency (not wanting an activity to wait for information or processing large batches in a 

locally efficient manner) information in a push system waits prior to processing. 

Information that is input to an activity can be characterized by source. Input 

information is provided by interdisciplinary team members, cross-disciplinary members, 

or external sources (Austin et al. 2000).  It may also be provided by assumption or 

historical database. Assumed and historical information can be further subdivided as 

difficult or easy to produce. Likewise, output information is provided to interdisciplinary 
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team members, cross-disciplinary members, or external sources (Austin et al. 2000) in 

either a feed-forward or feedback manner. Feed-back information is the result of a 

circular process where design information released by the design process is returned as a 

form of input to predecessor activities earlier in the process. In contrast, feed-forward 

information is the result of a linear process where design information released by the 

design process forms the input for success activities later in the process. By their nature, 

feed-back systems require some form of assumption, in order to break the system 

circularity, to generate an initial pass at system outputs. 

An alternate classification of information is as a design parameter. In this case, broad 

baseline assumptions are grouped separately, by discipline,  from detailed informational 

packages that serve as input or output. Examples of baseline assumptions in AEC may be 

the area of a facility, seismic criteria of lateral load resisting frames, vibration criteria for 

vertical load resisting elements, etc. Examples of detailed information packages, include 

the bay spacing, beam size and depth, structural slab thickness, etc. This breakdown maps 

well with a traditional design organizational chart and allows for a mapping between 

parameter type and functional organizational relationship. 

2.2.4 Waste 

Due to the nature of AEC production systems (one-of-a-kind production, temporary 

production, site production, etc.) and due to the way we currently (traditionally) manage 

projects, flows, eg. of information,  are more complex and variable than flows in typical 

manufacturing processes, opportunities are missed to generate value, and waste abounds. 

Design flows can be especially variable in the conceptual stages. The Toyota Production 

System (Ohno 1988 p. 28) highlights seven types of production waste adapted as follows:            
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(1) waste of overproduction, (2) time on hand (waiting), (3) transportation, (4) processing 

itself (these are necessary wastes from processes like milling, etc.), (5) stock on hand 

(inventory), (6) movement, and (7) making defective products. These seven plus an 

eighth identified by Koskela (2004), called the ‘make-do’ waste, are the focus of 

elimination in lean construction efforts. These wastes translate to design processes as 

shown by example in Table 2.1. 

Waste Classification AEC Example 

Overproduction Completing a design package early, before 
it is needed in the field or shop. Including 
the cladding support package with the 
foundation package. 

Waiting Steel beam design awaiting piping layout. 

Transportation Shipping project drawings. Travelling to 
the site or project meetings. 

Processing Itself Hand-marked sheets that are thrown out 
after drafting. Intermediate progress prints. 

Inventory Backlog of red-marks awaiting drafting. 

Movement Emailing design parameters. Exporting 
design output from a computer model. 

Defective Products Design errors due to mistake or improper 
application of criteria. 

Make Do Designing an element out of sequence 
because the inputs to the properly 
sequenced work were not available or 
assumptions were in error. 

Table 2.1: Ohno’s Production Wastes Applied to Design
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2.3 TRADITIONAL AEC DESIGN THEORY 

Traditional AEC design theory currently lacks in formulation, documentation, and 

application. Theory and methods are not formalized in texts or industry documents and 

are therefore applied in an informal way, separate from theoretical description. Often 

work is sequenced based on the WBS activities associated with project deliverables, 

themselves defined based on ‘received tradition’ (Schmenner 1995) rather than based on 

production-system design/rationale considerations.  The predominant design approach is 

reflected in a three-phased (schematics, design development, and contract documents), 

stage-gate process. During each progressive phase, the building design is advanced to a 

more detailed level. The deliverable work product at design completion consists of design 

drawings and specifications. During each phase, multiple concepts, at the appropriate 

level of detail, are often considered. These concepts are narrowed by comparison 

(dominated by cost criteria) and owner selection at each gate. 

2.3.1 AEC Practice 

Traditional AEC design projects are typically led by architect-primed consulting design 

teams. These teams are assembled (informally based on past experience or required skill-

set) in response to an owner’s request for proposal. Competitive proposals are often 

arranged around teams with collective or individual experience on similar projects. These 

arrangements lend themselves to characterization by the term ‘temporary production 

systems’: these systems are arranged around a project, with the purpose of realizing 

owner value as conceived in design, and the owner, design team, and contractor are often 

rearranged by project.  
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As described, AEC design management and control is predominated by the 

transformation view.  The WBS exemplifies this thinking as a project gets decomposed 

by design activities and associated organizational responsibility.  The overriding strategy 

then is to optimize the decomposed activities in the hope that the re-assembled system 

will be more efficient. This strategy has led to the commoditization of engineering 

services. Computer aided design (CAD) and engineering design services are often bid 

and awarded solely on the basis of cost. 

Another product of the transformation view is that communication between firms is 

limited to discrete coordination points, with large informational batch sizes, handed-off 

prior to deadlines. This approach minimizes consultant meeting and printing costs, but 

dilutes the quality and capability of the team to generate design value. It has the 

deleterious effect of increasing the quantity and complexity of rework. The optimization 

of consultant fees furthermore has the detrimental effect of focusing engineering 

expertise on specific deliverables rather than on overall value the production system can 

deliver.  

A similar ‘cost-savings’ impact is the unplanned nature of internal design information. 

Currently, consultants respond to the needs of the architect while giving little 

consideration to the optimal overall solution. Structural design information requirements 

are relayed by letter from the lead project engineer stating minimum information needs 

by phase. These letters are often ignored by architects resulting in poorly coordinated 

drawings or a sub-optimal solution due to a lack of integration between disciplines. 

Current AEC design teams pay little attention to supply chain arrangement or 

constructability. The division of process design responsibility between designer and 
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contractor is sharp. AEC design teams provide little or no guidance related to 

construction design or means-and-methods. Traditional contractual arrangements and 

liability assignments exacerbate this division. Constructability reviews are a current 

mechanism for addressing supply chain and means-and-methods concerns, but are rarely 

implemented beyond basic fabrication and site erection planning because of contractual 

and liability boundaries. These reviews are also limited in their effectiveness because 

they occur at the completion of major phases -rather than throughout the process- and the 

reviewing team is often external to the project, thus lacking intimate knowledge of owner 

and user needs. 

Design process controls are organized around the transformation view. The earned 

value management system (EVMS) is widely used throughout the AEC sector. EVMS 

and similar WBS-based control systems track project progress against a baseline 

decomposed plan. The indicators provide insight into the performance of past work. 

Unfortunately, they do little to screen work for future readiness. They also do not provide 

a means to link root causes for plan failures to future activities. 

Finally, the value proposition in current practice is almost solely managed by the 

architect. The consideration of “value” is typically limited to the physical attributes of the 

building design (the product). The architect may co-develop or modify the criteria in 

collaboration with the owner periodically throughout the project, but engineering 

consultants are rarely invited to participate in this conversation. The value needs of 

design team members, outside of timely payment and completion, are rarely included in 

this conversation.   
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Value engineering is a term that is applied in current AEC practice. It is a tool to 

reduce the overall cost of projects and gets applied at phase transitions. Value 

engineering tends to have little to do with owner needs. Instead, the process tends to 

focus on reducing costs with ‘comparable’ design alternatives. Value engineering is often 

ineffective because it is discrete and completed by a review team that is separate from the 

project, and traditionally ends up being more of a cost-cutting workshop than a value-

generating process. This traditional form of value engineering, similar to the 

transformation view of management, tends to myopically focus on individual component 

savings rather than system-wide delivery efficiencies/savings. 

2.3.2 Structural Engineering Practice 

At the most basic level, structural engineers are responsible for selecting a configuration 

of material to resist a set of applied loads. Introductory courses in structural engineering 

design often include a course in steel design, a course in reinforced concrete design, and 

possibly a course in another material (e.g., timber). The methods taught in design classes 

often use ‘trial and adjustment’ processes. These characterizations support a point-based 

design methodology (Ward et al. 1995), where an initial design (or point) is selected and 

then refined through iteration until a feasible solution is developed.  

In support of the point-based approach, structural engineering solutions developed by 

industry are aided in two ways: 1) prescribed procedures and standardized assumptions 

are developed in order impose linearity on otherwise non-linear systems and, 2) rules-of-

thumb and assumptions are formalized (through testing, theoretical development, or 

historical record) to initiate trial solutions and increase the iteration gradient of recurring 

linear trials. In this context, iteration gradient refers to the slope of the line formed by 
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plotting the number of iterations against the difference between successive solutions. 

Structural engineers tend to focus on optimizing solutions in the context of their 

requirements, with less regard for system-wide performance. The reason for this 

approach, is that the SE is contractually required to develop a ‘single’ solution, and there 

is often no incentive for the SE to explore options that optimize the system as a whole.  

MacGregor and Wight’s (2005) introductory reinforced concrete design textbook 

describes design as “a sequential and iterative decision-making process.” Similarly, 

Nawy (2000) explains: 

“A trial section has to be chosen for each critical location in a structural system. 

The trial section has to be analyzed to determine if its nominal resisting strength 

is adequate to carry the applied factored load. Since more than one trial is often 

necessary to arrive at the required section, the first design input step generates a 

series of trial-and-adjustment analyses.” 

Similarly, the industry standard for steel construction, the Manual for Steel 

Construction, contains design commentary for many classical problems including those 

of beam-columns (AISC 1990 pp. 5.54 and 5.55). Beam-columns describe a category of 

design problems common to steel members subjected to combined axial and flexural 

loads. The behaviors described are non-linear as defined by the procedures and necessary 

assumptions. Solutions to beam-column design problems developed in steel design texts 

imply a point-to-point methodology with successive iteration to achieve optimization 

(AISC 1990; Salmon and Johnson 1996 pp. 751-832).  

Steel texts (Salmon and Johnson 1996 p. 752) simplify equations by first categorizing 

behaviors, “Because of the failure modes, no simple design procedure is likely to account 
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for such varied behavior. Design procedures generally are in one of three categories: 1) 

limitation on combined stress, 2) semi-empirical interaction formulas, based on working 

stress procedures, and 3) semi-empirical interaction procedures based on strength.” These 

three types of procedure are commonly applied to six common classifications of failure. 

The purpose of providing general procedures as applied to dominant failure modes is to 

simplify, ‘impose linearity’, on otherwise complex behaviors. In the same way, the 

higher-order effects of secondary bending are simplified with approximate linear 

solutions. These approximations are justified by theoretical derivation (Salmon and 

Johnson 1996 pp. 757-758). 

Assumptions are also used to initiate solutions and increase the iteration gradient. 

Simplified assumptions regarding the effective length, labeled KL, of compression 

members are shown to be theoretically conservative (Salmon and Johnson 1996 p. 757). 

Suggested constants, Cm, governing moment magnitude (secondary flexural effects) are 

presented in tabular form (Salmon and Johnson 1996 p. 759). These constants are 

theoretically derived and verified by experimentation. Additional rules-of-thumb 

developed by AISC are shown in design texts. These rules suggest the first ‘guess’ rules-

of-thumb for steel sections based on applied loadings and offer reasonable assumptions 

for flange width-to-thickness ratios to be verified upon solution completion. Finally, 

design tables for beam and column selection are presented in AISC (1990) for use in the 

repeated trials with subsequent verification. 

Structural design education strongly emphasizes the analytical elements of design. 

The more creative part of the process (e.g., developing innovative solutions not found in 

tables, collaborating with other designers), is not emphasized in structural courses. Indeed, 
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these creative skills are the focus of courses taught in architecture and new product 

development departments. 

2.3.3 Academia 

Academic development of DTM theory within the AEC community has been limited. 

Few design texts describe design process methodologies. They typically present solution 

or optimization algorithms with an implied point-to-point process. The typical AEC 

approach proceeds with the following steps (Stephenson and Callander 1974, p. 3): 

a)  Statement of the problem. 

b)  Collection of relevant data. 

c)  Consideration of possible courses of action. 

d)  Selection of preferred solution. 

e)  Detailed development of design. 

f)  Construction of prototype, development work. 

g)  Production. 

“Two approaches to stages (c) and (d) are suggested.  In the first, a designer can use 

experience or history to assume a solution and then analyze. This is described as the ‘cut 

and try’ approach.  The second  approach is referred to as ‘synthesis’. It is described as a 

process where the solution is built up from a collection of decomposed and optimized 

parts” (Stephenson and Callander 1974, p. 7). This approach is essentially the same as the 

canonical mechanical engineering DTM approach (Peters 1996), however it is extended 

to include the realization process achieved through construction. By coupling conception 

and realization, the authors imply a theory of production. It should be noted that with this 

approach a single solution is typically developed to a detailed level. It is also implied that 
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improvements to this solution are made in an iterative manner or by decomposing and 

optimizing portions of the project. 

Alternative design approaches have been developed by architectural schools of design. 

These approaches tend to be more artistic and, as such, they are beyond the scope of this 

dissertation. Architects have begun to develop integrated methods of design in 

conjunction with engineers. Lin and Stotesbury (1981) were among the first to describe 

complete building design integration from an engineering view.  They (ibid, p. 3) 

described the design process as: 

“Architectural design is a complex spatial orientation problem.  The designer must 

organize the performance properties of buildings to fill a broad range of user needs. The  

performance properties include: 

 1.  Activity-Associated (operational) 

 2.  Physical (constructive) 

 3.  Symbolic (experimental).” 

Follow-on theories, rooted in this design-integration approach are green design, lifecycle 

analysis, and lean construction. These approaches consider the integration of architecture 

and engineering in support of overall building systems goals. Little additional insight into 

design theory is provided by the civil engineering community. 

2.4 MANUFACTURING AND NEW PRODUCT DEVELOPMENT DESIGN THEORY 

Advancements in DTM have historically been spearheaded by the manufacturing sector, 

including practitioners, product developers, and academics. Academic development of 

theory has been sponsored in large part by the National Science Foundation through the 
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Engineering Directorate. Practical contributions to DTM theory have focused on the 

marketing, development, and delivery of manufactured products. Practical contributions 

therefore tend to focus on cost savings, mapping consumer needs to product 

characteristics, improving quality, and reducing lead times through concurrent 

engineering.  The need for design models and related research is summarized by Waldron 

and Waldron (1994, p. 37) as: 

“Models of the design process are necessary as a basis for interpreting  observations, 

for prescribing a design procedure, or for designing a computer system to perform 

design. The models constructed require the power to describe what is observed and 

what might be observed, given certain conditions.”  

Many of the canonical DTM constructs are actually production-system theories. The 

inclusion of manufacturing within design theory recognizes both conceptualization and 

realization, which are both production-system traits. Several researchers have 

summarized the status of ‘design research’ including Finger and Dixon (1989a and 

1989b), Waldron and Waldron (1994), Krishnan and Ulrich (2001), and Wynn and 

Clarkson (2005). A review of DTM theory over the last thirty years shows great progress 

has been made in the field of computer-based support tools for optimization, concept 

communication, prototyping, and concept selection. Less progress has been made in the 

development or extension of new underlying theory.  

Finger and Dixon (1989a and 1989b) place DTMs in three categories: 1) descriptive 

(how designers create designs), 2) prescriptive (what the design process should be or 

what attributes the artifact should have), or 3) computer-based models (computer 

processes that design or design support analytical or optimization tools).  
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This initial taxonomy is extended to include complexity of design by Waldron and 

Waldron 1994. Routine designs are characterized by an understanding of all possible 

solution sets. Innovative designs are characterized by an understood knowledge base that 

is applied to form a ‘novel’ solution. Creative design is one in which the design attributes 

or strategies are not known ahead of time (Waldron and Waldron 1994, p. 39). Krishnan 

and Ulrich (2001) view design within the context of a business proposition. They classify 

design methodologies based on their contribution to necessary decisions within the 

product-development process.  

Wynn and Clarkson (2005) provide yet another classification framework. They group 

DTMs by stage or activity basis, by solution or problem orientation, or by abstract vs. 

procedural vs. analytical (of which DSM is an example). They also discuss the emerging 

continuity of research between DTM theory and project management. Project 

management places greater emphasis on team assembly and interaction while DTM 

research tends to view product development as more abstract. The consideration of team 

effects (particularly organizational structuring) within DTM development is a relatively 

recent development.  

Table 2.2 presents a classification system for DTM. It shows a taxonomy based on an 

adapted view. It classifies DTM based on research origin. It distinguishes between those 

theories that are developed and extended from field observation vs. those theories that are 

the result of theoretical research.  It also explicitly identifies team observation as a 

subcomponent of theory derived from experimental research. The value of the taxonomy 

presented in this dissertation is that it is based on a sampling of recent literature and 

connects DTM research with the development of theory. This taxonomy, therefore, 
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creates a framework for discussion regarding further research and development of 

production theory within the AEC community. Each of the DTM theories identified here  

provide insights into the role of design within production systems. 
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Category Exemplary Theory or Methodology Description Academic Purpose, Results, and Comments 
Protocol Studies 

• Knowledge Flow Model (Waldron and 
Waldron 1996) 

• Activity Episode Accumulate Model 
(Ullman from Waldron and Waldron 1996) 

Observe individual human actions, 
throughout a design activity as 
evidence of an underlying individual 
process. 

To understand the tendencies and influences of an individual designer. Has led to the 
classification of knowledge based on the realization of design functionality 
(marketability, manufacturability, etc.), classification of knowledge on content (i.e., 
generic vs. specific vs. info about the knowledge), and classification of knowledge 
based on where it is stored in the process (mind or external). Has led to the 
understanding that individuals typically pursue one concept and will patch and repair 
that concept over introducing a new one. Has also led to the understanding that 
experts gain greater advantage from tools than novice designers. 

Individual  

Cognitive Studies Define and test a set of underlying 
steps and processes that constitute 
the individual design process. 

To develop computer tools to support the individual designer during aspects of 
design. 

Group Protocol Studies 
• Design Decision Framework (Krishnan and 

Ulrich 2001) 

Observe group interactions 
throughout the course of a design 
project, as evidence of the underlying 
team design process. 
 

To dissect real design outcomes to understand the processes and dynamics of 
successful projects. In the case of the decision framework, the purpose is to develop a 
generic set of questions that must be resolved in all product or project design 
deliveries. 

Experimental 
Research-based 
Methodologies 
 

Team 

Behavior Dynamics Studies 
• Virtual Design Team (Jin and Levitt 1996) 
 

Define and test a set of underlying step
or interactions through case studies tha
constitute the team design process. 

To develop support methods and tools to facilitate team interaction during design. In 
the case of BIM and Levitt’s (1996) work, the purpose is understanding designer’s 
response to information queries. 

Process 
View- 
Point 

Theory: 
• DSM (Steward 1981) 
• Theory of Technical Systems (Hubka and 

Eder 1996 and Pahl et el. 2007) 
• Flow in TFV Theory (Koskela 2000) 

To develop, test, and evaluate 
theoretical constructs of the design 
process.   
 
 
 

Theoretical 
Research-based 
Methodologies: 
Prescriptive 

Attribute 
View- 
Point 

Theory: 
• Axiomatic Method (Suh 1990) 
• Robust Design (Taguchi from Clausing 

1994) 
• World Class Concurrent Eng. (Clausing 

1994) 
• Quality Function Deployment (Clausing and 

Pugh 1991) 
• Set Based Design (Sobek et al. 1999) 
• Total Design (Pugh 1991) 
• Value in TFV Theory (Koskela 2000) 

 

Theory based on the attributes an 
artifact ought to have. 

To develop formal theories governing design processes or design artifact attributes in 
the absence of observational data. The purpose of these theories is to develop an 
idealized process or attribute construct and to then test the validity of these theories 
through case study of baseline and “modified” production systems. 

 

Table 2.2: Design Theory Classification
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2.5 ITERATION IN DESIGN 

The concept of iteration in design is closely tied to design theory methodologies and 

processes. Where design theory is referenced in civil engineering texts, point-to-point 

methods are most prevalent. Within point-to-point methods, successive linear iteration or 

decomposition are common means by which optimization is achieved (e.g., Stephenson 

and Callander 1974). An alternate non-linear conceptualization characterizes design as a 

‘wicked problem’ (Rittel and Webber 1973), describing the challenges of dynamic design 

problems. The theory of wicked problems suggests simple, static solutions or approaches 

to complex projects are unlikely to succeed. The only successful solutions are those that 

recognize the inherent non-linearity of systems and allow for extensive iteration, 

feedback, and delay. In other words, successful management solutions must recognize 

non-linear iteration in design. 

Ballard (2000a) describes iteration in design as both positive (value adding) and 

negative (rework). He proposes several (12) means of increasing value to all production-

system members while eliminating wasteful efforts. One promising suggestion is to apply 

DSM to AEC design planning. DSM is an effective method to highlight iteration in 

design, allowing for a more efficient structuring and sequencing of work (Browning 

2001). Mechanical engineering researchers commonly refer to iteration as ‘redesign’ and 

have pursued DSM, and related methodologies, with the goal of understanding the 

underlying structure of design problems. Chen et al. (2005), for example, apply domain 

mapping matrices (DMM) to describe the structural composition of primary and major 

redesign. Primary redesign is defined as iteration where design variables/parameters are 

altered to achieve enhanced performance levels. Alternatively, in major redesign the 

design model itself is modified to improve the results. 
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2.6 TOOLS 

Many tools currently exist to facilitate various aspects of design. These tools are 

developed and employed by a range of industries including manufacturing and AEC. The 

tools applied in this thesis are described in detail next. A comprehensive list of classical 

alternatives is provided in Table 2.3 (for tools originated in manufacturing/new product 

development) and Table 2.4 (for tools applied in AEC). DSM was chosen for research 

because previous research had highlighted potential for its beneficial application.
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Design Tool Description Reference 
A3 Documents Liker (2004), Morgan and Liker (2006) 
Benchmarking and Competitive Analysis Salomone (1995) 
Cross Functional Mapping Damelio (1996), Tuholski et al. (2008) 
Cost Driven Design Salomone (1995) 
Customer Focused Design Salomone (1995) 
DFX Ulrich and Eppinger (2004) 
Design for Manufacturing Salomone (1995) 
Design Stress Analysis Salomone (1995) 
Discrete Event Simulation Law and Kelton (2000) 
Process Model Diagrams Crawley and Colson (2007) 
DSM Steward (1981) 
Experimental Design Techniques Salomone (1995) 
IDEF0 Kusiak 1999, Austin et al. (2000) 
Industrial Design Urich and Eppinger (2004) 
Lifecycle Design Ulrich and Eppinger (2004) 
Domain Mapping Matrix and Multiple-
Domain Matrix 

Maurer and Lindeman (2007), Maurer 
(2007) 

Optimization Pugh (1983) 
Pugh Concept Selection Matrix Pugh (1981) 
Quality Function Deployment (QFD) Pugh and Clausing (1991) 
QFD, Advanced Clausing (1994) 
Rapid Prototyping Salomone (1995) 
Robust Design Taguchi in Clausing (1994) 
Target Costing Ulrich and Eppinger (2004) 
Value Steam Mapping (VSM) Rother and Shook (2003), Jones and 

Womack (2002) 

Table 2.3: Manufacturing and New Product Development Tools
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Design Tool Description Reference 
Analytical Hierarchy Process (AHP) Saaty (1990) 
Big Room Collocation Tanaka (2005) 
Building Information Modelling (BIM)  
Code Based Design  
Constructability Review  
Change Management Tools Krishnamurthy and Law, Tiwari and 

Howard in Chua et al. (2003) 
Choosing by Advantages Suhr (1999) 
CPM  
Design Collaboration Frameworks Khedro, Jones and Riley in Chua et al. 

(2003) 
First Run Study  
Gantt Chart  
Integral Value Engineering Thomson et al. (2006) 
Last PlannerTM Ballard (200b) 
Line of Balance Method  
Performance Based Design  
PERT  
Process Parameter Interface Model Chua et al. (2003) 
Reverse Phase Scheduling  
Set Based Design Parrish et al. (2007), Parrish et al. (2008) 
Value Engineering  
WBS  

Table 2.4: AEC Tools 

2.6.1 Design Structure Matrix (DSM) 

Definition 

The DSM is a representation and analysis tool for system modeling, especially to help 

with decomposition and integration. Project-based DSM is a dynamic form of DSM 

characterized by the mapping information and process dependence relationships within 

activity domains. Parameter-based DSM is a related method that traces critical system 

parameters through the design process to identify the sequence that affords the greatest 

transparency and control. The subject of this paper, project-based DSM, assists in 

understanding activity inter-relationships and dependencies. Its goal is to shed light on 

optimal activity sequence, so that designers can realize overall process efficiencies 



 

 63 

through work planning and minimize unnecessary rework (Browning 2001). The website 

http://www.dsmweb.org presents additional references and tutorials on the DSM method.  

DSM functions as a design process aid to analyze highly inter-dependent systems. It 

offers more general network based representation modeling capabilities than critical path 

method (CPM) and the program evaluation and review technique (PERT) scheduling 

offer, as it can model inter-dependence and reciprocal dependence between process 

activities introduced by necessary design iteration. “The techniques [DSM] can be used 

to develop an effective engineering plan, showing where estimates are to be used, how 

design iterations and reviews are to be handled, and how information flows during the 

design work” (Steward 1981). 

Methodology 

The DSM modeling process requires four basic steps. The first two steps generate the 

process representation matrix and the last two are analytical, involving manipulation of 

the matrix. Step one decomposes a design project into a process with discrete activities, 

while identifying the required inputs, outputs, and information dependencies. Step two 

arranges activities sequentially in a square matrix with identical row and column 

identifiers. Numeric (or binary, e.g., using an X or a 1) marks at row and column 

intersections identify a dependence relationship between activities. Weighted numeric 

dependencies are often characterized by A, B, and C demarcations indicating very strong, 

strong, and weak dependencies. The absence of a mark shows no dependence.  

Weighted numerical marks, from 0 to 1, can also identify dependence strength. More 

advanced formulations deploy the Likert scale or similar comparative ranking system. 
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Marks that are symmetrical relative to the matrix diagonal are non-directional and 

indicate mutual (reciprocal) dependence.  

Marks that are non-symmetrical are directional and imply a precedence relationship 

between activities, e.g., they read as: “The activity in row i, is dependent upon activity in 

column j” (some papers in the literature reverse this order). From a design process view, 

activity precedence implies the flow of information between team members. Examples of 

information flows/dependencies in design include member sizes and materials, frame 

layout dimensions, or calculation results.  Examples of necessary sequence dependencies 

include the precedence on as-built information collection before analysis model assembly. 

Figure 2.3 illustrates three DSMs where the relationship between a process and its DSM 

representation is shown. The boxes represent activities and the arrows identify 

information flow. This process model is based on the IDEF0 model (Kusiak 1999).  

Task 1

Task 2

Task 3 Task 4

Task 5

Task 6

A6A42

A531

65Task43Task21Task

Coupled Activities
Sequential
ActivitiesParallel Activities

A6A42

A531

65Task43Task21Task

Coupled Activities
Sequential
ActivitiesParallel Activities

No task dependencies Task 4 is dependent on Task 3 Tasks are inter-dependent  

Figure 2.3: Representation of Schematic DSM 

Step 3, referred to as triangularization or sequencing, involves analysis and manipulation 

of the assembled matrix. This can be done manually (e.g., Kusiak 1999) or in an 

automated fashion (e.g. Browning 2001). The activities located below and to the left of 
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the diagonal are sequential and feed-forward information. Large portions of traditional 

AEC design processes can be sequenced with activities below the diagonal. This implies 

a linear process that is readily translated into a CPM schedule.  

In design, many marks will fall above the diagonal, because of inherent iteration 

around competing objectives. These non-linear marks within the DSM are indicate 

iteration-driven complexity. The activities located above and to the right of the diagonal 

are out-of-sequence and require iteration and information feedback. The term “block” or 

“knot” refers to a collection of activities bounded by feedback information. These blocks 

require management consideration because the sequencing of activities does not readily 

translate into a linear process. Collocated design, set-based design, targeted design 

assumptions, rapid feedback, and collaborative design aids are all tools that can aid in the 

optimal resolution of iterative blocks. Three types of activity dependence are visually 

evident as shown  in Figure 2.3: independent (concurrent/parallel or conditional), 

dependent (sequential), and inter-dependent (coupled) (adapted from Browning 2001). 

Kusiak (1999) further classifies dependencies by the nature of relationship including 

information, technology, commonsense, resource, preferential, or functional. The general 

sequential flow of information within the matrix is counter-clockwise based on 

dependence relationships between activities.  

Step four, referred to as tearing, involves breaking iterative loops. Tearing requires 

that dependencies be released and this can be done by making targeted design 

assumptions, and aggregating or decomposing activities. Often times tearing is used 

when a block of iterative activities is insensitive to upfront design assumptions. By 
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tearing, the iterative block becomes a sequential process with minimal (controlled) 

impacts on the design outcome.  

Design Process Improvement 

Practitioners use DSM to improve processes by properly sequencing activities, defining 

activity content, and introducing assumptions to optimize information flow. Eppinger 

(2001) describes four information management opportunities in DSM, listed in optimal 

order of consideration. (1) Rearrange activity sequence. Elimination of out-of-sequence 

work reduces iteration by moving activities up or down in the left hand column of the 

matrix (with matching movement to the right or left across the top row) to move marks to 

the feed-forward side of the diagonal. The activities are then further arranged to bring 

necessary feedback marks closer to the diagonal. This operation effectively reduces the 

number of activities impacted by iteration. (2) Revisit activity organization and 

definition. The work content and grouping of feedback activities are modified in this step 

to eliminate the unnecessary work within iterative loops. In this step, reorganization 

involves grouping a set of activities by internalizing an iterative sub-activity, or 

decomposing a larger activity into smaller parts to separate an iterative sub-activity. 

These stand alone inter-dependent activities with a large number of iterative activities are 

potentially wasteful.  

(3) Optimize (reduce or improve) knowledge flow between activities. Information 

transfer is analogous to material handling in production where optimization seeks to 

reduce and improve material movement. Balancing of activity decomposition and 

redefinition can reduce the need for information transfer.  Increased process concurrency 

can reduce information lead times reducing the need for early assumptions and allowing 
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for more “mature” information inputs. Design assumptions allow for alternative activity 

definition and tearing of sub-cycles, which can reduce the necessary flow of information, 

but validation of such assumptions is then required following iteration. Activity 

clustering can suggest the collocation of teams, enabling face-to-face information 

exchange in the “big room” (Tanaka 2005) and reducing formal information exchange 

(i.e., drawing printings or email exchanges).  

Institutional learning is another approach to reduce repetitive information exchange 

where projects can share and document collective experiences. To the extent possible, 

repositioning critical activities early increases the reliability of downstream flows. 

Intermediate activity insertions or activity decompositions, especially those that allow for 

the partial release of critical information, can increase the certainty of information flow to 

down-stream activities.  

(4) Identify and incorporate unplanned work. Unplanned work counters 

optimization efforts. Comparison of observed vs. planned processes facilitates 

institutional learning and continuous improvement. 

Examples of SE Design Process Improvements 

Examples of iteration in SE design abound. One of the more common blocks encountered 

in building design is the loop created between mechanical equipment specification by the 

mechanical engineer and roof top support framing design by the structural engineer. The 

design team can tear this iterative block (to optimize the process) by conservatively 

assuming mechanical equipment weights for floor framing design. Tearing to break the 

loop, in this case, is predicated on the insensitivity of equipment weight based on 

equipment specification. 
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Another optimization example is the sizing and connection detailing of a structural 

steel brace. Connection detailing is highly dependent on brace size and layout. By 

grouping the activities into one activity, the transaction of brace information exchange is 

removed. An example of this approach in SE design is the provision of penetration 

drawings to the SE from the mechanical design team. The SE might not need all of the 

penetrations for design, but only a subset of large penetrations over a certain size near 

columns or walls. This would allow the activity of penetration assignment by the 

mechanical engineer to be decomposed and potentially scheduled separately, with small 

penetration determination possibly deferred later in design. 

Development of DSM within AEC 

Researchers first applied the DSM methodology to AEC projects in the early 1990’s. 

Huovilla et al. (1995) applied DSM to fast track construction and retroactively identified 

construction problems that had already occurred. The ADePTTM methodology, identified 

in the UK,  marked the first use of DSM on traditional construction projects (Austin et al. 

1997 and Austin et al. 2000). In an effort to enhance the connection between DSM and 

production control, Koskela et al. (1997) proposed and Choo et al. (2004) implemented 

constructs to couple DSM with the Last PlannerTM system (Ballard 2000b). These 

proposals, now adapted by ADePTTM for design management, explore the process 

efficiencies obtained by coupling DSM’s ability to sequence work and the Last 

PlannerTM’s ability to increase plan reliability.  

The process parameter tool, developed by Chua et al. 2003, further extends the flow 

of work (IDEF0 process) view developed by ADePTTM to consider the flow of 

information and the information hierarchy view. Maheswari  et al. (2006) researched 
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DSM based schedule collapse on an AEC project and reaffirmed that using DSM can 

positively impact AEC project outcomes. Current AEC research focuses on insights 

gained through DSM implementation on work structuring, process characteristics, and 

iteration. These efforts are similar to Chen et al.’s (2005), for example, who applied 

domain mapping matrices (DMM) to describe the structural composition of primary and 

major redesign (iteration). A comprehensive list of AEC research with the DSM tool is 

presented in Table 2.5.
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Subject Project DSM Application Reference 
5 story office building Fast track construction; 

retrospective of realized design 
problems with activity DSM 

Huovilla et al. (1995)

Pharmaceutical laboratory, 
railway station, 
office development 

Application of Analytical 
Design Planning Technique 
(ADePTTM) to design and 
construction management 

Austin et al. (1997), 
Austin et al. (2000) 

Conference room design Process-Parameter-Interface 
Model approach to design 
management with parameter 
DSM 

Chua et al. (2003) 

Long-span timber structures Modularization and interface 
definition with component-
based DSM 

Bjornfot and Stehn 
(2004) 

Down draft cooling tower Schedule reduction and tearing 
algorithm development in 
concurrent design with activity 
DSM 

Maheswari et al. 
(2006) 

Suspended ceiling design Modeling and analysis of 
building design with parameter 
DSM 

Pektas and Pultar 
(2006) 

Power plant delivery Management and comparison of 
project logistics with activity 
DSM. 

Sandhu (2006) 

Oil drilling platform Modularization with a focus on 
future flexibility with sensitivity 
DSM 

Kalligeros et al. 
(2006) 

Seismic retrofit of timber 
framed maintenance facility 

‘Lean’ approach to design 
management with activity DSM 
to facilitate work structuring, 
optimize activity sequencing, 
and  enhance value delivery 

Tuholski and 
Tommelein (2008), 
Tuholski and 
Tommelein (2009a 
and 2009b) 

Concrete rebar supply chain Comparative evaluation of 
traditional rebar supply chain 
with several ‘lean’ alternative 
arrangements with activity DSM 

Hickethier (2008) 
under the direction of 
Tommelein,Tuholski, 
and Parrish 

High rise construction Evaluation of waste reduction 
by pre-fabricated design 
solutions developed with 
ADePTTM  

Baldwin et al. (2008) 

Table 2.5: AEC Case-study Research with DSM (developed with Hickethier 2008)
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2.6.2 Cross-functional Swim-lane Diagrams 

A cross functional process chart is a process description and assessment tool used by lean 

practitioners and others (e.g., Damelio 1996). Cross functional process charts (aka. 

process diagrams, cross functional flow charts, or swim-lane diagrams) identify 

functional parties, typically shown at the left (or top) of the chart, and indicate 

responsibility boundaries by horizontal (vertical) lines. The space between lines is 

referred to as a ‘lane’ and the rectangular boxes within the lanes represent activities 

performed by the party as shown to their left (top). Arrows that cross lines show material 

or information hand-offs between parties. These charts help to identify unnecessary 

processes or complexity. Metrics derived from these charts, such as the number of 

interacting parties and the number of hand-offs, indicate process complexity, which 

implies management challenge. The degree of interdependence between parties is shown 

on the chart when flows cross lanes and when multi-lane sub-cycles are observed. These 

sub-cycles are defined by the presence of circular feedback dependencies across lanes. 

2.6.3 Value Stream Maps 

Value Stream Mapping (VSM) was developed by Toyota engineers as a means to 

illustrate value added time versus total lead time (including wasted time), the rhythm of 

production (takt time), process interdependencies (release of work to downstream 

stations, and orders for production to upstream stations), inventory buffers (e.g., 

supermarkets), and opportunities for system improvement. “A value stream is all actions 

(both value added and non-value added) currently required to bring a product through the 

main flows essential to every product: 1) the production flow from raw material into the 
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arms of a customer, and 2) the design flow from concept to launch” (Rother and Shook 

2003).  

VSM may be used to critique a current state of a process or to project a desired future 

state. Howell and Ballard (1998) state that identifying the value stream establishes when 

and how decisions should be made; mapping brings choices to the surface and raises the 

possibility of maximizing performance at the project level. VSM has been used to 

develop efficiencies in the design and manufacturing of products.  Alves et al. 2005. 

Arbulu and Tommelein (2002) and Arbulu et al. (2003) recommend that a value stream 

look across individual functions, activities, departments and organizations and focus on 

overall system performance, rather than sub-optimize any individual group. Jones and 

Womack (2002) apply VSM on a macro scale, considering the supply chain both 

upstream and downstream of a specific organization. This macro approach is applied to 

the case study presented herein. 

Figure 2.4 represents a VSM. Rectangles represent tasks or activities, and their 

processing time (recorded underneath). They are linked to each with triangles in-betwen, 

representing queues or holding places. Triangles are not associated with a specific 

duration, however, they represent the wait time that is the consequence of the production-

system design. Each arrow represents the lead time (total duration of value added time 

plus non-value-added time) between tasks.  

 

 

 

 



 

 73 

Total Time in System = Total Queue Time ( ) + Total Process Time ( ) (eq. 1) 

Value Added Time = Total Process Time of Required Processes   (eq. 2) 

Non Value Added Time = Total Time in System – Value Added Time  (eq. 3) 

 

Lead Time LeadTime

Process Time Process Time

Task 1 Task 2

 

Figure 2.4: Value Stream Map Representation  
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CHAPTER 3 – CURRENT SE PRACTICE: 
INDUSTRY ASSESSMENT QUESTIONNAIRE
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3.1 OVERVIEW 

Current structural engineering (SE) design theory and methodologies (DTMs) focus on 

engineering analysis within system specification and design; they tend to refer to 

anecdotal evidence and informal discussions with industry experts. This narrow view 

may not include provisions for the overall design process, addressing a range of concerns 

(e.g., cost, constructability, production flows, value delivery, or supply chain logistics). 

The focus of structural engineering academia on analysis, has left a void in the 

advancement of theories describing comparative concept selection, solution space 

exploration, and multi-disciplinary team interaction, among others. Practitioners 

recognize the need to implement improved methodologies, but are challenged to pursue 

such improvements because research and development resources are typically limited in 

lower margin service markets. Developing a deeper understanding of structural 

engineering DTMs in use today will facilitate future design process improvements. 

SE design manuals and practitioners apply DTMs as a process of solving engineering 

problems by describing the system, identifying constraints, assigning fixed parameters, 

and optimizing variables. These DTMs are a necessary means to ensure compatibility 

with the laws of mechanics and building codes; however they provide little guidance on 

how to optimize solutions within design environments marked by competing objectives. 

Contemporary structural DTMs are also devoid of guidance on multi-disciplinary team 

interactions, including design activity sequencing (information flow), work structuring, 

and value management. The purpose of the research questionnaire presented herein is to 

research and describe current structural engineering practices within the architecture 
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engineering construction (AEC) sector. This research supports efforts to explore the New 

Production Philosophy as it applies to SE design.  

Responses to the questionnaire confirm an absence of formal education and training 

in SE DTM. They also confirm that the SE design process practiced today uses the point-

to-point methodology, as implied by many industry manuals and student handbooks. 

Engineers cite mentorship, combined with experience gained on successively complex 

projects, as the primary means of learning. Research synthesis, from the perspective of   

TFV theory, shows the AEC sector is disproportionally focused on the transformation 

view of design (e.g., Critical Path Method and Work Breakdown Structure 

implementation), with little consideration of flow (information content, dependence, and 

hand-offs) and value (customer focus, alignment, and delivery). The SEs we questioned 

cited language barriers and skepticism toward transplanting DTMs rooted in 

manufacturing (i.e., Toyota Production System principles) as impediments to future SE 

DTM development. The same group of SEs, however, displayed an overwhelming 

willingness and interest to explore new team-oriented DTMs and leadership roles within 

the design process. 

3.2 THEORETICAL FRAMEWORK 

Researchers historically have explored DTMs through the study of manufacturing and 

new product development. Wynn and Clarkson (2005) define the field of DTM research 

as, 

“the study of how designers work and think; the establishment of appropriate 

structures for the design process; the development and application of new design 
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methods, techniques, and procedures; and reflection on the nature and extent of 

design knowledge and its application to design problems.” 

An extensive body of literature is available on classification systems and summary 

descriptions of DTM research (Cross 2008, Finger and Dixon 1989a and 1989b, Krishnan 

and Ulrich 2001, Waldron and Waldron 1996, Wynn and Clarkson 2005, among others). 

An adapted research summary of DTMs is presented in Figure 3.1b. A version of this 

table was included with the research questionnaire sent out to gauge practitioner and 

academic exposure to the field. The framework presented in this table establishes a point 

of departure for the future application of DTMs within SE design.  

3.3 QUESTIONNAIRE DEVELOPMENT 

Salant and Dillman (1994) suggest that questionnaires, surveys, or both are appropriate 

research tools when researchers need “estimates of population characteristics.” This 

research seeks to characterize the current state of the SE industry in terms of DTM 

education or training. Thus, a questionnaire soliciting responses about this type of 

education or training is an appropriate research method. 

Salant and Dillman (1994) explain good questionnaires “make the task of responding 

as easy as possible.” Further, questionnaires distributed via email must be attractive and 

of a reasonable length to ensure a good response rate. A questionnaire must also follow a 

logical progression of topics throughout its pages. The questionnaire used for this work 

did exactly this: the first page introduced the topic of design theory methodology and 

asked respondents to comment on the current state of the SE industry based on their 

experience, the second page introduced a taxonomy of the literature on DTM, and the 

third page asked respondents for comment on the taxonomy. 
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Thomas (1999) suggests structuring questionnaires around a central research question. 

Each question in the questionnaire should provide information necessary to answer the 

central question. The questionnaire used for this paper consists only of open-response 

questions. Thomas (1999) states ten guidelines for developing open-response questions: 1) 

Do not ask leading questions, 2) Do not use loaded words or phrases that suggest 

approval or disapproval, 3) Avoid social desirability in the questions, 4) Avoid 

suggesting a response, 5) Encourage critiques by sharing a concern, 6) Ask for 

information the respondent is likely to have, 7) Write items at the appropriate reading and 

understanding level of the respondent, 8) Communicate clearly to the target audience, 9) 

Create clear and concise questions, and 10) Clearly address one of the objectives you’ve 

created for the survey [questionnaire] project. 

3.4 QUESTIONNAIRE 

The abridged questionnaire (Figures 3.1a and 3.1b) comprises an introduction with 

background, a research DTM taxonomy table summarizing classical tools and methods, 

and a series of questions.
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Design Theory & Methodology 
Questionnaire 
Project Production Systems Laboratory – P2SL 
http://p2sl.berkeley.edu/ 
UC Berkeley 
215 A McLaughlin Hall, Berkeley, CA 94720-1712 

 
Introduction 
Our literature review and preliminary case-study findings indicate that little or no formal 
education in design theory is available to the structural engineering community. Many structural 
engineering design texts suggest the use of point-to-point design methods but do not spell out 
formal processes or underlying theories. In this case, theory refers to a set of established axioms 
or documented observations governing the design of engineered products. 

Recent research on design theory applied in structural engineering design appears focused 
on the application of the design structure matrix and concurrent engineering (methods which 
have yet to gain acceptance in practice). Research has also been conducted on the effects of 
experience on structural engineering systems design. Otherwise, the majority of contributions to 
design methodology development can be traced to sources outside of the field of structural 
engineering, namely the fields of mechanical engineering and new product development. 

Because the design and integration of civil systems into our natural world is becoming 
exceedingly complex, projects often require sophisticated co-development with cross functional 
teaming. This new generation of projects stands to benefit from cogent, theoretically based 
methodologies to facilitate design and project delivery processes. 

To explore design alternatives, our research group is studying the application of set-based, 
concurrent engineering strategies to develop structural engineering systems much in the way 
Toyota develops new products and production systems. To better understand how this new 
thinking compares and contrasts with current design theory and practice in structural 
engineering, we are surveying design professionals in practice and academe about methods they 
use and teach. 
 
Questions to Participants 
1. Please define structural design theory and methodology (as you understand it). Please respond 
to this question prior to reading the others. 
2. After reviewing the table and definitions below, please comment on our definition of 
structural design theory and methodology. 
3. Do you teach or practice a particular or range of structural design theory(ies) and 
methodology(ies) (according to our definitions)? For educators, are these theories incorporated 
in your design curriculum or capstone project? For practitioners, how do 
you teach design process to new hires or communicate methodology with clients or members of 
other disciplines? 
4. Are you aware of a structural design methodology or theory that is prevalent, successful, or 
documented across the profession? If so, please provide references or contacts. 
5. In your opinion, is there value to developing the theory and subsequent industry application of 
structural engineering design theory(ies) and methodology(ies)? 

Figure 3.1a: Abridged Questionnaire (Introduction and Questions)
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Category Exemplary Theory or Methodology Description Academic Purpose, Results, and Comments 
Protocol Studies 

• Knowledge Flow Model (Waldron and 
Waldron 1996) 

• Activity Episode Accumulate Model 
(Ullman from Waldron and Waldron 1996) 

Observe individual human actions, 
throughout a design activity as 
evidence of an underlying individual 
process. 

To understand the tendencies and influences of an individual designer. Has led 
to the classification of knowledge based on the realization of design 
functionality (marketability, manufacturability etc.), classification of knowledge 
on content (ie. generic vs. specific vs. info about the knowledge.), and 
classification of knowledge based on where it is stored in the process (mind or 
external.)  

Individual  

Cognitive Studies Define and test a set of underlying 
steps and processes that constitute the 
individual design process. 

To develop computer tools to support the individual designer during aspects of 
design. 

Group Protocol Studies 
• Design Decision Framework (Krishnan and 

Ulrich 2001) 

Observe group interactions throughout 
the course of a design project, as 
evidence of the team design process. 

To dissect real design outcomes to understand the processes and dynamics of 
successful projects. In the case of the decision framework, the purpose is to 
develop a generic set of questions that must be resolved in all product or project 
design deliveries. 

Experimental 
Research Based 
Methodologies 
 

Team 

Behavior Dynamics Studies 
• Virtual Design Team (Jin and Levitt 1996) 
 

Define and test a set of underlying steps 
or interactions through case studies that 
constitute the team design process. 

To develop support methods and tools to facilitate team interaction during 
design. In the case of VDT, the purpose is understanding designer’s response to 
information queries. 

Process 
View- 
Point 

• DSM (Steward 1981) 
• Theory of Technical Systems (Hubka and 

Eder 1996) 
• Flow in TFV Theory (Koskela 2000) 

To develop, test, and evaluate 
theoretical constructs of the design 
process.  
 
 

Theoretical 
Research Based 
Methodologies: 
Prescriptive 

Attribute 
View- 
Point 

• Axiomatic Method (Suh 1990) 
• Robust Design (Taguchi from Clausing 

1994) 
• World Class Concurrent Eng. (Clausing 

1994) 
• Quality Function Deployment (Pugh and 

Clausing 1991) 
• Set Based Design (Ward et al. 1995) 
• Total Design (Pugh 1991) 
• Value in TFV Theory (Koskela 2000) 

Theory based on the attributes an 
artifact ought to have. 

To develop formal theories governing design processes or design artifact 
attributes in the absence of observational data. The purpose of these theories is 
to develop an idealized process or attribute construct. To then test the validity of 
these theories through case study of baseline and “modified” production 
systems. 

Figure 3.1b: Abridged Questionnaire Continued (DTM Taxonomy Table)
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3.4.1 Statement of Purpose 

The purpose of the University of California Project Production System Laboratory 

questionnaire (P2SL 2007) reads:  

“There is a noticed lack of uniformity in Structural Engineering Systems Design. Our 

objective is to assess the current state of Structural Design Theory and Methodology 

from expert perspectives, in both academia and practice. Our future goal is to shape 

forthcoming contributions to the advancement of this field in a way that will maximize 

the value brought to practitioners while building on the theoretical knowledge base.” 

3.4.2 Profile of Respondents 

A diverse group of accomplished engineers were asked to participate in the questionnaire 

research as summarized in Table 3.1. This group includes practitioners with significant 

design experience and academics focused on DTM development and education. The 

authors solicited responses from structural engineers in the San Francisco, California Bay 

Area with 10 or more years of experience. A key element of the survey is to understand 

the education and training the engineers received as well as training they administer 

about design methodology. Thus, only experienced engineers were questioned. Further, 

the respondents worked on high profile projects with innovative structural systems. It 

follows that these engineers may have been exposed to innovative design processes as 

well.
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Respondent 
Name 

Most Recent 
Title/ Employer 

Years of 
Practice 

Education Noteworthy Accomplishments 

Ben Maxwell 
SE# 4557 

Project 
Engineer/ 
LLNL 

13 years BS Civil Engineering- California Polytechnic State 
University, San Luis Obispo  
MS Structural Engineering Mechanics and Materials- 
University of California, Berkeley 

Structural Engineer: UC Berkeley CITRIS Building, CSUHEast Bay Student Services Bldg., UC Silver 
Laboratory Retrofit, Cal Poly Engineering III, 201 Post St. Seismic Retrofit, San Francisco 

Derek 
Westphal SE# 
4663 

Project 
Engineer/ 
LLNL 

13 years BS Civil Engineering- University of Southern 
California 
MS Structural Engineer Mechanics and Materials- 
University of California, Berkeley 

Structural Engineer: San Francisco Intl. Airport BART Extension, UCSF Campus Community Center, San 
Francisco Jewish Community Center, STEEL TIPS article on base-plates. 

Bret Lizundia 
SE# 3950 

Principal/ 
Rutherford & 
Chekene 
Engineers 

20 years BS Civil Engineering- Stanford University 
MS Structural Engineering- Stanford University 

Structural Engineer: New DeYoung Museum San Francisco, Frank Lloyd Wright’s Hanna House Retrofit, 
Genentech Hall at UCSF Mission Bay, Li Ka-Shing Center for Biomedical and Health Sciences at UC 
Berkeley 

Dr. Dave 
Coats 
CE# 22929 

Division 
Leader/ 
LLNL 

31 years BS Civil Engineering 
PhD Structural Engineering-University of California, 
Davis 

15 years LLNL Division Leader Design and Construction  
Contributor: DOE Standard 1020 Seismic Recommendations for Nuclear Facilities. 

Dr. Alice 
Agogino 
ME# 18519 

Professor/ 
UC Berkeley 

24 years of 
combined 
teaching and 
practice  

BS Mechanical Eng.- Univ. of New Mexico 
MS Mechanical Engineering- University of 
California, Berkeley 
PhD Eng.-Economic Systems- Stanford University 

Member National Academy of Engineering, Fellow of ASME, Director Berkeley Expert Systems 
Technology, Industry experience at Dow Chemical, GE, and SRI International. 

Mark Jokerst 
SE# 3394 

Principal/ 
Forell/Elsesser 
Engineers 

26 years BS Civil Engineering- California Polytechnic State 
University, San Luis Obispo 

Structural Engineer: Pacific Gas &Electric Retrofit Headquarters Building, San Francisco, State Court of 
Appeals Retrofit, San Francisco, State Office Building, San Francisco, San Francisco Museum of Modern 
Art, Author: 1991 Uniform Building Code Seismic Regulations 

Table 3.1: Summary of Responder Experience



93 

3.5 COLLECTED DATA 

All data presented herein is excerpted from original questionnaire responses. 

3.5.1 Define SE DTM  

(refer to Figure 1, Question 1) 

Responses  

“I would say that I have no formal education or training in this approach and would have 

defined structural design theory and methodology as the mathematics and physics (e.g., 

beam theory, buckling, stress and strain relationships, static and dynamic analysis, 

elasticity theory, etc.) that underlie the design requirements of typical building codes” 

(P2SL 2007, Coats). 

“Bottom line: limit stress, strain, and deflection to code-mandated values. Other than that 

it’s the Wild West on how you get there” (P2SL 2007, Maxwell). 

“I’ve never heard of this term (DTM). Wait, in Cal Poly we had a class, I think EDES-

302 it was, where we used all kinds of matrices and charts to evaluate designs. But this 

was an architectural class, not structural design. Beyond that I think right now the 

approach is for the most part creative and intuitive, that is we arrive at an approach 

mostly by gut feel for what is given all the parameters. We would make lists of goals, 

requirements, and constraints. Initial goals could have more sway than other more 

seemingly rational criteria. The weighting of all parameters is very subjective: it is a little 

dance both within the structural office and with the client/design team. Everyone arrives 

with an agenda. Rational evaluation of criteria can be seen as an impediment to one’s 
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agenda. Making everyone’s ‘agenda transparent’ or ‘on the table for discussion’ may 

generate a non-response” (P2SL 2007, Jokerst). 

“In general, I have had no formal training in design theory either while in college or since 

I have been at Rutherford and Chekene. Stanford had product design classes that had a 

good reputation, but I didn’t take any. I suspect this would be true of the vast majority of 

structural engineers. The analogies I tend to sprinkle in conversations with my project 

engineers include: 1) Structural design is spiral. You make a start at something based on 

engineering judgment, you do some analysis that makes you rethink it, and you get a little 

closer to the best answer. Good engineers don’t spiral as long. 2) Identify tasks and what 

it takes to complete them. 3) Decision lists. On some jobs, particularly fast track jobs, I 

send other members of the design team lists of decisions or tasks I need from them by 

when and why. Sometimes this works, sometimes it doesn’t. It depends on the architect’s 

willingness to listen. 4) Think big, then small” (P2SL 2007, Lizundia). 

“Basically there are three steps to the process, gather the information necessary to design 

the widget, design the widget, and check the widget meets as many objectives as 

possible. Often there is missing or unknown parameters, so the designer must assume, or 

seek advice from someone with more experience. This (selection of parameters) is very 

important because the validation that a design meets an objective only gains accuracy as 

the design finalizes but it is usually too late to make changes because of fees, schedule, or 

client needs” (P2SL 2007, Westphal). 
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Response Summary 

Design theory, as understood by structural engineers, is typically centered on the 

application of mathematics and physics laws to solve engineering problems. This is very 

similar to the definition of engineering as the application of a certain body of knowledge 

in the creation of structures (Peters and Hopkins 1996). Design leadership and control of 

the ‘project design process’ is most often held by the architect. Efforts to communicate 

consultant needs or to establish a hierarchy of design objectives are often fruitless 

because of competing agendas within the design team. Alignment of overall project 

objectives with user values is a challenging and often irrational proposition. This is 

common because of competing team objectives, but also because there is generally little 

understanding on the part of owners and architects about the impact of sub-consultant 

designs on overall project objectives. Moreover, contracts are structured to promote a 

‘divide and conquer’ approach, where each sub-consultant optimizes locally. Local 

optimization of sub-consultant practice rarely coincides with the global optimum for the 

project, so project value for the end user typically suffers. 

Design theories are not a part of most structural engineering curricula. Where taught 

at Universities, these classes tend to be offered as architectural or new product 

development methodologies. Structural engineers view DTMs as informal processes, 

handed down through discussions and impromptu lessons from experienced project 

engineers to team participants. This process involves the framing of problem objectives, 

assumptions, and constraints, analysis of the stated problem, and verification of the 

results. The solution is often obtained by successive iteration, beginning with broad or 

high level components and concluding with final details. Experience plays a key role in 
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assumptions, number of required iterations, and quality of results. Intuition and judgment 

play a key role in the exploration of structural engineering solutions.  

3.5.2 Comments on General Taxonomy  

(refer to Figure 1, Question 2 and Table 1) 

Responses 

“The approach and studies that are outlined in Table 1 appear to be a logical way to 

understand how individuals and groups currently implement the design process, and 

where improvements can be made” (P2SL 2007, Coats).  

“I think studying team interactions, especially with consulting peers (architectural, 

electrical, civil, etc.) would be of great benefit” (P2SL 2007, Maxwell). 

“Individual research and team research appear totally different than prescriptive 

methodologies” (P2SL 2007, Lizundia). 

“I have never heard of these types of research within a structural design firm” (P2SL 

2007, Westphal). 

Response Summary  

The responders were able to identify with the framework presented in the table, however 

they had no previous education on the topics. Several recognized the benefit of research 

and theory development in the area of team interaction as beneficial and quite separate 

from prescriptive theory development. 
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3.5.3 Personal Experience with SE DTM Practice and Education  

(refer to Figure 1, Question 3) 

Responses 

“As a practitioner, we typically taught the design process to new hires by providing them 

with a mentor to oversee their work and explain how the process worked at the 

Laboratory” (P2SL 2007, Coats). 

“My theory is to start with big broad strokes and work my way down to the details” 

(P2SL 2007, Maxwell). 

“No, we have had project management classes in the past on budgeting, detailing, sheet 

layout, construction administration, etc., but the philosophical process of design was not 

the focus” (P2SL 2007, Lizundia). 

“No. I would teach it the way I learned it. Simply allow a new hire to start with simple 

design tasks and grow into larger design tasks without formally explaining a 

methodology” (P2SL 2007, Westphal). 

Response Summary 

The responders described structural engineering DTMs as informal processes developed 

through experience and informal office training. When formalized as higher learning 

education or in office training, emphasis is typically placed on traditional 

‘transformation’ planning techniques such as cost loaded WBS planning, CPM 

scheduling, and drawing production planning. Practitioners commonly described a broad 

initial approach to framing the problem followed by successive iterations narrowing the 
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solution. When design process training is provided in offices, it is focused on engineering 

algorithms rather than an overall team design processes. 

3.5.4 Knowledge of Current Industry-wide DTMs  

(refer to Figure 1, Question 4) 

Responses 

“No” (P2SL 2007, Maxwell and Others). 

“I am only aware of the ‘caveman’ mentality. I call it the caveman because it is a brute 

force method where you learn through experience. You basically have to learn how to 

make decisions that will have less impact on the other parts of design” (P2SL 2007, 

Westphal). 

Response Summary 

Responses to question 4 reinforced the notion described in section 3 regarding the void in 

practice of formal DTMs. 

3.5.5 Perceived Value and Benefit of Subsequent Study  

(refer to Figure 1, Question 5) 

Responses 

“I think that is where ‘design theory’ ought to be heading. How groups of people work 

efficiently and creatively toward a common goal” (P2SL 2007, Jokerst). 

 “If we switch the conversation away from how we choose an idea to how we develop an 

idea, then I’m getting excited” (P2SL 2007, Jokerst). 
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 “But I do think that there is plenty of room on integrating good concurrent engineering 

and design process” (P2SL 2007, Agogino). 

“I think that there is a need for a uniform design approach, but it needs be one that 

realizes the constraints imposed on consultants, particularly the need to be flexible in 

business practices to suit an array of different clients” (P2SL 2007, Maxwell). 

“It would have to be practical, example based, and directly relevant to the practice of 

consulting structural engineering” (P2SL 2007, Lizundia). 

“Only if it makes my job easier AND keeps me from becoming more of a commodity” 

(P2SL 2007, Westphal). 

Response Summary 

Individual practitioners are quite aware of the need for the development of design theory. 

This includes the interaction of design teams as well as the development of the design 

product. “Particular to the structural world, I think studying team interactions, especially 

with consulting peers would be a great benefit (P2SL 2007, Maxwell).” Other 

practitioners identify the need to study entire production-system teams in an effort to 

optimize the performance of the project as a whole. This team theory represents a recent 

departure for theorists who have focused on individual design theory prior to the early 

1990s. Concurrent engineering, set-based strategies, and enhanced collaboration 

(strategies involved with ‘how’ we develop an idea) are all recognized as DTMs with 

future applicability. 



 

 100 

3.6 SYNTHESIS 

The primary findings are: 

• Structural engineers receive little or no formal training in DTM at Universitites or 

in practice. The limited expertise passed down informally in practice promotes 

point-to-point design methods with multiple iterations. 

• Structural engineers are generally interested in exploring new team oriented 

design processes provided they are simple and cost effective. 

• Structural engineers are currently frustrated by the lack of demonstrated 

leadership on AEC projects. Project process planning in most cases is limited to 

sending letters indicating ‘drop dead dates’ for information with associated cost 

penalties. 

• Structural engineers acknowledge the need for value alignment across the 

production system. A shift is required away from viewing engineering services as 

a commodity. Engineers would prefer a pay-for-performance arrangement where 

exemplary service is rewarded with higher fees (Tuholski et al. 2008). A major 

impediment to this fee structure is relating value delivered to overall project 

savings. Poor trade-offs between conflicting values are major impediments to 

project success. They also describe the poor translation of user needs into 

coherent and understandable criteria as major reasons of owner dissatisfaction 

with design results. 

• The suggested transplantation of strategies from Toyota or other manufacturing 

sector companies is viewed by practitioners with skepticism. This is primarily 
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because of the apparent dissimilarity between the repetitive nature of car 

manufacturing versus AEC projects. 

• A language barrier currently exists between academic description of theory and 

application in practice. This barrier inhibits the comparative discussion of 

management methodologies. 

• It is generally perceived that designers can play a significant leadership role in 

production system optimization if the tools implemented are simple to understand 

and require little overhead. 

3.7 DEFICIENCIES IDENTIFIED FROM THE TFV PERSPECTIVE 

3.7.1 Deficiencies of Current Practice: Limited Value 

Many other practitioners have identified major design theory deficiencies in current 

practice. Mar (2005) identifies the poor state of current practice by describing three 

limiting characteristics including 1) upward creeping budgets, 2) poor coordination, and 

3) suboptimal design. His report to the Lean Construction Institute’s ‘Lean Design 

Forum’ identifies difficulties with the expression and understanding of value as a major 

hurdle to success. He states that owners often do not fully understand the value 

characteristics or relative weighting of values on a project. A direct result of this 

deficiency is the inability of the project team to execute project decisions based on a set 

of values that is aligned with the target goals of the project.  

Value delivery in the design process has applications beyond optimizing the 

functionality of the product or building. Value from the owner’s perspective can be 

realized through building ‘design for X’ initiatives including design for sustainability, 

design for future programmatic flexibility, or design for ease of demolition. Value is also 
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generated through the design of the realization processes including supply chain and 

logistics design, construction methods design, commissioning planning, and demolition 

design.  

Local practitioners reinforced this sentiment by expressing frustrations in meeting the 

demands of clients. With regard to understanding owner needs on projects, Jokerst (P2SL 

2007) states, 

 “Beyond that I think right now the approach is for the most part creative and 

intuitive, that is we arrive at an approach mostly by gut feel for what is right 

given all the parameters. Oh, you have to know all the parameters first. We would 

make lists of goals and requirements, constraints. Initial goals could have more 

sway than seemingly more rational criteria. The weighting of all parameters is 

very subjective; it is a little dance both within the structural office and with the 

client/design team. Everyone arrives with an agenda. Rational evaluation of 

criteria can be seen as an impediment to ones agenda.”  

This perspective highlights deficiencies with understanding the value perspective of the 

owner. The statement also implies that there are multiple value perspectives, those of the 

owner and those of the project production-system participants. Disparate values sets 

impede project execution success if they compete or conflict. Mar (2005) concurs when 

stating that individual goals are often met at the expense of overall project goals.  

Westphal (P2SL 2007) reinforces the lack of detailed value information provided by 

the owner when he states, 
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“The designer must gather the design objective or criteria (performance 

requirements, cost limitations, and programmatic use.) Often there is missing or 

unknown parameters so the designer must assume, or seek advice from someone 

with more experience.”  

Without clear value communication, it is impossible for a design team to meet the needs 

of the owner and align production-system participant values accordingly. Thomson et al. 

(2006) state a contributing cause to the absence of value consideration in current AEC 

practice is the lack of value consideration in detailed design tools. 

“Existing practices do not facilitate value delivery when solving technical design 

problems because they are constrained to conceptual stages. They do not provide 

designers the means of investigating the relationship between their design 

decisions made during detailed design stages and the value expectations of 

project stakeholders. Instead, design is focused on fulfilling technical and 

performance specifications in these later project stages.” 

Opportunities exist to enhance the understanding of owner value, alignment of values 

within the production-system team, and design tools that identify value as a necessary 

component to conceptual and detailed design. 

3.7.2 Deficiencies of Current Practice: Limited Flow 

The traditional approach to AEC design and construction management is currently devoid 

of flow consideration. This deficiency is evident in the concerns raised by Mar (2005). 

He states that designs are often developed independently with little understanding of each 

other’s work, that design teams are fractured with little interdisciplinary contact, that it is 
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difficult for anyone to grasp the complete set of possible interactions between the 

systems, and that potential system synergies are missed. These expressed deficiencies 

address the relationship between transformation activities and the flow of information 

between designers and design activities. 

3.7.3 Void in Design Theory Education and Training 

Little or no formal training currently exists for structural practitioners in DTM. This is 

evident by discussing the topic with well educated practitioners who often cite office 

mentorship as the primary means by which design methods are taught; Bailey et al.’s 

(2005) research also observed this means of SE apprenticeship. When questions of design 

theory education are raised, the typical responses are similar to that of Coats, “I would 

say I have had no formal educating or training in this (DTM) approach” (P2SL 2007, 

Coats). There is also an apparent void in DTM related to the performance of teams. 

Whitney (1990) theorizes that 85% of engineers work in product improvement or 

reconfiguration areas where they work with large groups on complex integration 

problems. He then adds that these types of problems do not get much attention from the 

DTM community. 

3.8 CONCLUSIONS 

Structural engineers questioned as a part of this questionnaire report a lack of formal 

DTM training, both in academe and at the office. Respondents describe DTM in terms of 

structural design manuals that tend to describe point-to-point methodologies for 

developing a structurally acceptable design solution. Currently, engineers learn about the 

design process through mentorship and experience gained on successively complex 

projects rather than through formal training. Mentorship and experience unquestionably 
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improve engineers’ insights into the design process, but without education or training in 

SE DTM, it is difficult to anticipate the impact of changes to the design process. That is, 

without an understanding of a DTM framework, it is difficult to evaluate the 

effectiveness of processes and drive continuous improvement.  

Research shows the AEC industry is disproportionally focused on the transformation 

view of design. Questionnaire responses confirm this finding. Received tradition 

describes structural design as a transformation of owner and architectural requirements 

into a final structural product (e.g., a building). However, without consideration of flow, 

the design process has been sub-optimized by each project participant, which can actually 

cause inefficiencies to develop in the process, including information bottlenecks and 

excessive hand-offs between participants. Similarly, sub-optimization has led to sub-

optimal value delivery. The final product may not incorporate ‘maximum value’ in the 

absence of the collaborative process. Further, values are not necessarily aligned among 

project participants, causing participant frustration and potential process delays. 

The SEs questioned expressed frustration with the current design process and 

willingness to try new team-oriented DTMs that support better flow and value alignment 

in the design process. These engineers postulate a team-oriented DTM would alleviate 

the language barriers that exist between project participants. However, they expressed 

skepticism about simply transplanting the principles of the Toyota Production System 

and applying them to the structural engineering community. Rather, SEs support the 

authors’ commitment to developing an SE DTM that works in conjunction with lean tools 

to improve the design processes used in the AEC sector in light of the responses collected 

as part of this questionnaire research. Already, SEs are moving in the direction of 
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collaboration with other project team members. This is particularly evident in SE firms 

embracing Building Information Modeling (BIM) to coordinate work across the project 

team. Indeed, by championing BIM efforts, the SE firm asserts itself as a project leader as 

well. SEs who embrace both the technical aspect of BIM as well as the process 

management side (through DTMs) will be able to provide more value to project owners 

and project teams alike. 
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4.1 SUMMARY 

This case study is part of an ongoing commitment by Lawrence Livermore National 

Laboratory (LLNL) management to establish and extend world class project management 

practices. This research is consistent with the lean principles of continuous learning and 

improvement through controlled experimentation. The seismic design project consisted of 

four phases: 1) concepts (pre-schematic), 2) 0-35% (preliminary design), 3) 35-65% 

(definitive design), and 4) 65-100% (final design). The design matured early with respect 

to the traditional project delivery expectations: the definitive design printing was omitted, 

and the design project progressed directly from the preliminary printing to the final 

design stage. The omission of the definitive design printing is evidence of the enhanced 

coordination and integration incorporated in the progress design prints due to DSM 

implementation. 

4.1.1 Project Overview 

The project studied is Building 511 (B511) at LLNL in Livermore, California. B511 was 

built in 1942 and served as a Navy airplane assembly hangar throughout WWII. The 

Department of Energy converted the base to a research laboratory in 1950. Following 

several modifications, B511 now houses Plant Engineering, which supports infrastructure 

maintenance across LLNL. The structure, with a footprint of 79 m by 61 m (260 feet by 

200 feet), is timber framed with long span wood trusses. Previous studies found the 

building’s high bay seismically deficient. LLNL commissioned a conceptual seismic 

study in May of 2007. Three retrofit schemes were developed in pre-schematic design:        

1) plywood shear walls, 2) steel moment frame, and 3) the selected option of steel braced 

frames. This phase of design resulted in the seismic scheme of concentric steel braces on 
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shallow mat footings being selected, prior to the start of preliminary design, at a total 

project cost of $5 million. This case study focuses on the integrated, multi-disciplinary 

delivery of preliminary design. Figures 4.1 and 4.2 depict the B511 exterior. Figure 4.3 

depicts interior existing conditions at a typical high bay strengthening location.  

 

Figure 4.1: LLNL Building 511, Exterior Elevation from Northwest 
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Figure 4.2: LLNL Building 511, Exterior Elevation from East 
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Figure 4.3: Photo at Future Strong-back and Longitudinal Braced Frame Bay 
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4.1.2 Project Goals 

This project had objective as well as subjective goals. The objective goal of the project 

was to upgrade the facility to ASCE/SEI 41-06 life-safety performance criteria (ASCE 

2007). The subjective goals included maximizing worker and occupant safety and 

minimizing project duration, cost, and non-structural facility impacts. The over-riding 

subjective goal was to limit impacts on building MEP systems due to new structural 

elements (footings, columns, braces, collectors, etc.). Due to the vital functions 

performed within the facility, continuous operation (24 hours/7 days a week) operations 

were required during construction. Accordingly, the basis of preference for the chosen 

concept was cost, limited impact on building occupants, and reduced ‘collateral’ impacts 

on mechanical, electrical, and plumbing (MEP) systems.  

4.1.3 Retrofit Description 

The seismic retrofit scheme consists of adding full-height steel-braced frames in both the 

transverse and longitudinal directions. The work is concentrated within the high bay 

portion of the structure. In both directions, the frames are supported on new concrete raft 

foundations with drilled micro-piles to resist uplift. 

In the longitudinal direction, full-height steel-braced frames are provided at the sides 

of the high bay, along the common wall shared by the high and low bays. Four sets of 

steel braced frames are required per side. In most cases, the steel columns required for the 

braced frames also function as strong-backs resolving transverse loads. New steel 

collector beams are provided along the low and high bay roofs to facilitate the connection 

between the roofs and new steel frames (Degenkolb 2007). Figure 4.4 is an isometric 

generated from the REVIT building model (Autodesk 2008) showing the interaction 
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between new structural elements and existing non-structural utilities. Figure 4.5, 

excerpted from the final design package, is the elevation at a typical longitudinal braced 

frame elevation.  

In the transverse direction, full height steel braced frames (5 total) are located near 

the center of the high bay. In line with the braced frames, adjacent and connected to the 

existing wood columns, are new steel strong-back columns. These columns extend from 

the high bay roof to the foundation slab-on-grade and attach at mid-height to the low bay 

roofs. The new strong-back columns are attached to the roofs with steel collector 

elements, to transfer the seismic loads from the trusses to the strong-back (Degenkolb 

2007). Figure 4.6 shows an isometric depicting the transverse bracing in the center of the 

high bay. Figure 4.7 shows the typical transverse high bay elevation, excerpted from the 

final design drawings. 
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Figure 4.4: REVIT Model at Longitudinal Braced Frame (Degenkolb 2008c) 



 

 117 

 

Figure 4.5: Typical Longitudinal Braced Frame Elevation (Degenkolb 2008b) 
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Figure 4.6: REVIT Model Isometric of Overall High bay (Degenkolb 2008c) 
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Figure 4.7: Typical Transverse Bracing Elevation (Degenkolb 2007b) 

4.1.4 Design Team 

LLNL provided design management and overall project management. The prime design 

contract, within the context of design-bid-build project delivery, was awarded to 

Degenkolb Structural Engineers (Degenkolb) in August of 2007.  Degenkolb assembled a 

multi-disciplinary design team including RBB Architects Inc. (architects), Affiliated 
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Engineers Inc. (mechanical and electrical engineers), Optira (digital scanning 

consultants), and Davis Langdon, Inc. (cost estimators). Figure 4.8 depicts Optira field 

laser scanning. The design team members had home offices located nearby, which 

facilitated frequent field visits during the project. 

 

Figure 4.8: BIM Laser Scanning Consultant Optira Obtaining Data 

4.1.5 Management and Research Strategy 

The request for proposal for design services included a research component; it required 

the subcontractor to collaboratively implement DSM methodologies during work 

planning. Pre-award studies identified significant dependencies between structural retrofit 

sub-systems/details, MEP impacts, and total project cost. The design team produced a 
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‘baseline’ Microsoft Project schedule (traditional CPM) and developed an activity-

dependence spreadsheet. 

LLNL synthesized that schedule and prepared a MS Excel spreadsheet formatted for 

input into the ADePTTM. Clustered by organization, the input file listed activities with 

related dependencies. The team categorized dependencies by strength in descending order 

from A to C and set DSM algorithms to optimize the activity sequence around the type A 

and B only. Type A dependencies were critical, B were strong, and C were weak. 

ADePTTM generated the optimized DSM matrix and associated CPM schedule. 

Degenkolb, along with input from the other team members, adjusted the optimized 

schedule to account for holidays, resource loading, and updated activity duration 

estimates. The result was a final schedule, against which progress was measured during 

design. 

4.2 OBSERVATIONS: DSM IMPLEMENTATION PROCESS 

LLNL project managers, all first-time DSM users, documented their DSM 

implementation process in an effort to understand how it differed from the traditional 

design planning process. Their observations, as documented, represent a starting point for 

improvement during additional trials. The resources required to implement DSM on this 

project included 60 hours of senior engineering effort split between LLNL and 

Degenkolb design managers. The process took approximately 3 weeks to complete. The 

implementation exhibited a high degree of iteration. Managers recorded 15 DSM runs, 

with the first 12 encompassing the block between input files and review of results. The 

remainder occurred to adjust intra-loop dependencies and the output schedule.  
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It was observed that experienced project engineers from LLNL and Degenkolb 

appeared effective at manipulating the DSM matrix and at exploring solutions to highly 

inter-dependent details. Team interactions benefited from insights derived from the DSM 

implementation and during the review of optimized output.  Implementation of the 

methodology was not especially burdensome to the design team. In fact, the observed 

iteration between activity lists and DSM output was evidence of the team’s learning 

process. The team would adjust dependence parameters, based on their process 

understanding and activity definition, and observe the related impacts on process iteration 

and schedule.  The team used the DSM tool in much the same way as a structural analyst 

uses a finite element tool to explore system characteristics (e.g., boundary condition, 

loading, and section property impacts) and develop intuition about the system’s structure. 

The observed process is shown in Figure 4.9 and each step is detailed in the following 

sections. 

 

Figure 4.9: Observed DSM Implementation Process 
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4.2.1 Establish Project Criteria, Goals, and Constraints 

This activity involved aligning expectations throughout the project team with those of the 

facility users and owner. The primary objective values identified were seismic code 

compliance and a project cost below $5M. Subjective values included maximizing safety, 

minimizing project duration, and minimizing facility user impacts during construction 

and after. LLNL permit and code constraints were reviewed.  

4.2.2 Brainstorm Activities 

This activity involved exploring the DSM tool, dependencies, descriptions, and 

granularity. The team categorized dependencies as sequential, geometric/physical, and 

functional/operational. The notes in Figure 4.10 depict the observed brainstorming 

process. This activity served to create a general understanding amongst team members 

surrounding the expectation of iteration in design and began to identify the specific 

relationships between dependent activities. High-level dependencies were identified 

between foundation design and underground utilities as well as between structural 

seismic elements and distributed piping and conduit. The conversation at this meeting 

also centered on the chunks of activity to be considered (i.e., granularity) and establishing 

common ground on activity description.   
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Figure 4.10: Initial Work Planning Brainstorming Session 

4.2.3 Generate Activity Lists (WBS) 

The team narrowed activity lists to remove non-actions, milestones, deliverables, and 

meetings. The team clarified information exchange including content, level of 

completion, batch size and format. 

4.2.4 Identify and Assign Activity Dependencies 

Information sources were identified as external to team, inter-firm, or intra-firm. 

Responsible parties for information and the degree of dependency, very strong, strong, or 

weak were identified. Once the activities were assigned with appropriate granularity, 

corresponding durations were identified. 

4.2.5 Create Traditional CPM Schedule 

A traditional CPM schedule for the project was created to identify the traditional 

approach for sequencing the activity. It also provided a familiar means of determining 
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activity durations. This step could be removed, once the team becomes more familiar 

with the activity generation process. 

4.2.6 Import DSM Input Files into ADePTTM 

Following the preparation of input spreadsheets, these files were imported into the 

ADePTTM software package. In recent versions of the ADePTTM software, this step 

involves inputting the dependence information line by line through a graphical user 

interface. 

4.2.7 Optimize DSM 

Algorithm sensitivity to dependence assignment resulted in multiple iterations with 

subsequent system adjustments. The dependence network first input did not always 

capture the ‘natural’ sequence in some cases. Dependence adjustment was required to 

align the blocks shown in the DSM with the actual process. In this case, the algorithm 

was set to optimize around type A and B parameters only, because optimization around 

type C links obscured the block matrix output. The type C forms of dependence were less 

relevant so optimizing the sequence around their influence provided less meaningful 

results. Leaving these lesser forms of dependence in the matrix presentation however, did 

serve as a visual reminder of their presence and potential influence. 

4.2.8 Review Results 

Following the optimization step, the results were scrutinized by design managers and 

represented design specialists, i.e., structural engineers and mechanical engineers. 

Activities that were out of rational sequence were manually manipulated or dependencies 

were adjusted and the input files were revised for re-analysis. 
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4.2.9 Export Optimized Activity Hierarchy to CPM 

ADePTTM allows direct export of the optimized sequence to MS Project or Primavera 

scheduling software. It shows activities located within iterative blocks concurrently on 

the CPM and delimits them with block start and stop milestones. 

4.2.10 Revisit Schedule for Duration and Logical Sequence 

The team reviewed the impact of activity duration on the optimized sequence of 

activities. In some cases, long lead activities require decomposition to increase 

concurrency and reduce the duration of iterative blocks. 

4.2.11 Document Predecessor Deliverables 

Management must strategize how best to resolve the highly iterative work content within 

blocks. Collocation and collaborative design methods can be applied to enhance the value 

generated by iteration and information exchange. Regardless of the approach taken, 

predecessor information content, responsibility, and format was documented for 

production control during design.  

4.2.12 Finalize Optimized Schedule  

The CPM schedule output the activities within blocks concurrently. The CPM schedule 

output from the DSM program required manual adjustment with iterative blocks. In 

particular, design management must review the scheduled activities against design 

resources available for allocation; It is common that activities performed by project 

specific design specialists require some serial sequencing that is automatically overridden 

when the block is translated into a concurrently cluster on the CPM. Additionally, this 

manual sequence adjustment could be driven by in-house analysis software capabilities or 
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the ‘natural’ sequence of design. The block activities shown concurrent on the CPM did 

not take into account the actual personnel assigned to the project. Senior engineers and 

designers have different capabilities and many projects only have one or two engineers 

assigned. For this reason, all of the structural detailing on a design project cannot occur 

concurrently. Recent versions of the ADePTTM allow the manual CPM adjustments to be 

translated back to the compiled DSM. The team then repopulated milestones and 

deliverable designators.  

4.3 OBSERVATIONS: TRADITIONAL (BASELINE) DESIGN PROCESS 

The baseline schedule shown in Figure 4.11 was analyzed using DSM. Figure 4.12 shows 

the results for the un-optimized analysis and Figure 4.13 shows the results for the 

optimized (re-ordered) sequence. The purpose of this effort was to study the 

characteristics of the baseline process.
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Figure 4.11: Baseline CPM Project Schedule
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Figure 4.12: Baseline CPM DSM Un-optimized 
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Figure 4.13: Optimized DSM Baseline CPM
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The un-optimized schedule showed many out-of-sequence (unintentional feedback) 

activities. Unintentional feedback resulted from iterative dependencies identified by the 

team during dependence evaluation, but not captured in the inherently linear CPM. These 

are evident by the scattered marks on the right hand side of the diagonal in Figure 4.12. 

Following optimization by the DSM software, all of the marks moved to the left of the 

diagonal as shown in Figure 4.13. This suggests network of the traditional system, as 

identified by the design team, was entirely linear, when sequenced in the optimal order.  

The traditional baseline process was linear and focused entirely on deliverables. For 

this reason, the level of activity detail was insufficient to establish meaningful 

dependencies between activities. Where dependencies were established, they were 

identified at a summary level and were not found to apply to designer interactions and 

information exchange. The focus on deliverables also led the team to overlook activities 

that they might have otherwise identified, if they were developing the schedule from a 

detailed WBS by design discipline. A senior project manager of ADePT summarized this 

critique of the baseline CPM in an email sent to LLNL and Degenkolb on 10/24/07 as 

follows:  

“1) You need to sort out your work breakdown structure for all the design 

disciplines, 2) In your MPP file schedule (shown in Figure 4.11) you show 

summary bars driving other activities. This is not good practice and I have 

ignored that in the work that I have done. I have assumed that the last activity in 

the chain drives the next (replacing the logic link from the summary bar), 3) The 

definition / level of detail in your design process (in the schedule) is sparse.  To 

get the best out of the DSM tool I recommend that you develop your activity set to 
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be a little more detailed, remaining focused on the design activities rather than 

the ‘management’ activities – the latter will follow, but as tactics to navigate 

through iterative loops, etc. 4) Your process is entirely linear. This is no surprise 

since it is in a scheduling tool (it won’t let you do anything else). This might be as 

a result of the high level nature of the schedule, it representing what appears to  

be one design discipline, and maybe contains less dependence than really exists.” 

4.3.1 Work Structuring 

Activity Assignment and Location 

Engineers initially lacked the tools necessary to identify dependencies and potential loop 

blocks as evident by the lack of dependence assigned to A.2.6 Prepare Programmatic 

Impact Input/Feedback. The team identified that this challenge was due to general 

ambiguity of activity description and assignment. Activities were assigned by traditional 

rules of thumb and contractual arrangement. The team later described the importance of 

clear activity definition, so that information flows and responsible party assignments 

would be meaningful.  

Hand-Offs 

The original baseline schedule generalized several activities completed by separate 

design entities into single chunks. This grouping masked the hand-offs between 

organizations. Examples of this grouping are activities Preliminary Design Submittal, 

Finalize Design Calculations, and Finalize Detailing. 
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Activity Vocabulary and Definition 

Deliverables, e.g., 35% submittal drawings, were erroneously identified as activities on 

the traditional CPM. The general context of activities such as meetings replaced clear 

descriptions of design activities, i.e., coordination between seismic frames and MEP 

systems. The team reinforced expectations of linearity within the traditional design 

process through the use of iteration masking language, e.g., estimate, re-visit, revise, 

confirm, check, verify, finalize, and complete. These terms defined discrete activities 

within the schedule, which is linear and sequential by nature, but the team later 

recognized that these activities actually described multiple iterations of the same activity 

with the differences attributed to process batch size, level of completion, and degree of 

integration. 

4.3.2 Process and Work Flow 

Sequencing (Scheduling) and Lead time 
 

The team sequenced design activities start-to-finish and by phase, beginning with the 

preliminary structural layout with associated MEP impacts evaluation and concluding 

with finalized structural layout/details. Few if any concurrent activities appeared on the 

baseline CPM. Expectations of linear processes surfaced during discussions surrounding 

finality and completeness of information hand-offs. Lead times on the baseline schedule 

were established by linking start-to-finish critical path activities. The baseline scheduled 

duration for the project was 17 weeks. This duration includes 1 week off for the holiday 

season and  is adjusted, for accuracy of comparison, to include a three week duration for 

processing the 3-D data cloud. The activity of data processing was originally conceived 

to be a 2 day event, however the planned duration grew to 3 weeks during the schedule 
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optimization because the team learned additional information about the scanning 

technology. 

Batch Size, Level of Completion, and Variability 

AEI initially requested a finalized structural frame layout from Degenkolb prior to 

performing a preliminary field visit to assess potential MEP impacts. During this 

conversation, AEI described the potential for rework (negative iteration) if Degenkolb 

revised the frame layout. The general project expectation was that batch sizes would be 

100% (complete sets of plans, elevations, and details) and that information shared would 

be  final. Given the assumed process linearity, no allowance for negative (or positive) 

iteration (variability) was considered. 

4.3.3 Value Delivery 

Goal and Constraint Alignment 

Because of the general description of activities and lack of dependence identified 

between activities, the schedule provided no connection between goals/constraints and 

the design process. Client reviews were generically shown between phases to capture 

value alignment issues or suggestions. 

Waste Elimination 

Development of the traditional schedule did not spur the removal of wasteful activities or 

unnecessary intermediate products. 

Set-Based Consideration 

Alternate designs were not considered with the baseline process beyond the three pre-

schematic solutions. This is generally consistent with the current state of AEC design 
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methodology where alternate sets are often considered only at the concepts/pre-schematic 

level. 

4.3.4 Iteration 

In the Degenkolb proposal, the team correctly identified the iterative nature of the central 

design problem. Both Degenkolb and AEI recognized the inter-dependence of 

mechanical impacts with structural retrofit concepts and details. This understanding 

translated poorly into expectations of team interactions, however. In general, the design 

team expressed the desire to limit iteration within the traditional process. Iteration carried 

a negative connotation because it implied corrective rework as the result of changes or 

corrections by others. The LLNL design manager summarized this impression by stating, 

“more time, more cost, less profit.” 

The traditional CPM did however address non-linearity implicitly through the 

inclusion of loop tearing activities such as ‘rapid estimating.’ Degenkolb introduced rapid 

estimating, by experience, to provide cost input on mechanical alteration concepts prior 

to final estimate preparation. The introduction of intermediate cost input tore an iterative 

block relating final cost with specific MEP details and reduced negative iterations of 

drawing production. 

4.4 OBSERVATIONS: DSM (OPTIMIZED) DESIGN PROCESS 

With the baseline schedule as the starting point, the DSM methodology was implemented 

on the design process. Figure 4.14 shows the DSM for the new WBS that was derived 

through the DSM implementation process outlined in the previous section. Activity 

durations were provided during the activity definition portion of the methodology. Figure 

4.15 shows the optimized schedule output directly from the ADePTTM software. Figure 
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4.16 shows the final schedule, adjusted by Degenkolb to allow for a week and a half 

holiday break, an additional week for cost estimation, and additional time for generation 

of the MEP BIM model.



137 

OPTION 3,5

OPTION 1,4,6

OPTION 7

OPTION 2,5,6

OPTION 3,5

OPTION 1,4,6

OPTION 7

OPTION 2,5,6

 

Figure 4.14: Optimized DSM
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Figure 4.15: DSM Optimized Design Schedule 
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Figure 4.16: Final Design Schedule 
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4.4.1 Work Structuring 

By implementing the DSM methodology, work structuring efforts became easier because 

activities became clearly defined, information exchange was made explicit, and 

responsible parties were assigned. Work structuring in the context of DSM is very similar 

to reverse phase scheduling with sticky notes on a large wall. ‘Ad hoc’ traditional 

sequencing of activities is not considered, rather, the flow of information between 

activities is emphasized to determine the precedence network. Activities are brainstormed 

with requisite information exchanges. DSM then provides an added benefit over 

traditional value stream mapping through the matrix assembly and optimization process. 

See the discussion on value stream mapping in Chapter 4 for a description of traditional 

practice. 

Activity Assignment and Location 

An early project decision required definition of activity B2.1 Perform Laser Survey to 

quantify data collection by Optira. Would the scan be localized at structural impact 

locations or conducted across the entire building? Optira’s contract called for localized 

scanning. The optimized DSM (Figure 4.14) illustrated the interruption of a large 

iterative cycle by releasing the dependence of B2.1 Perform Laser Survey on B1.4/B1.5 

Overall Design of High bay Frames. Because it was cost feasible to scan the entire 

building, the scanning was released of all forms of dependence because it required no 

specific location direction. A modest additional fee was paid to Optira to collect 

additional data and tear the dependence block. This is an example of how work 

assignments were impacted by DSM implementation.  
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The location of work performance was also impacted. Team management planned a 

collocation design day (like a gathering in the ‘big room’ or ‘oba’ in lean production, e.g., 

Tanaka 2005) at B511 to complete the type A and B activities concurrently. This field 

meeting was followed, one week later, by a conference call working session. Similar to 

the choice between shop or field fabrication, the choice between field or office design 

was supported by an understanding of design iteration made possible through DSM. 

Hand-Offs 

The swim-lane diagram (Figure 4.17) highlighted information hand-offs crossing 

organization and block boundaries. This assisted in making activity assignments. For 

instance, both Optira and AEI had the ability to transform the scanned point cloud into a 

BIM model with mechanical components. Assignment of this activity to Optira implied 

they would be called-back to the project if additional data population were required due 

to SE changes. Management weighed cost trade-offs and assigned this data population 

activity to AEI because they could more easily perform rework, if required due to their 

ongoing presence on the project.  

The DSM optimized schedule decomposed activities that were previously grouped to 

include multiple organizations. For instance, detailing was broken down by component to 

capture the information transferred between organizations specific to element dependence.  

Activity Vocabulary and Definition 

DSM identified interactions at system/sub-system/component levels. These relationships 

appeared transferable to similar SE design problems. Implementation of the DSM 

methodology forged a greater team understanding of activity definition because 

discussion during implementation about the activity ‘Prepare MEP Impacts Narrative’ 
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forced the questions, “What impacts are we considering? What level of impact requires 

documentation? What is the format of the narrative? How are the impacts confirmed?” 

These questions sharpened the team’s understanding of the activity. 

4.4.2 Process and Work Flow 

In an effort to better understand the process characteristics of the optimized schedule, a 

swim-lane diagram was prepared as shown in Figure 4.17. This figure was color coded to 

match the output from the DSM: type A feedback dependencies are shown in red, type B 

feedback dependencies and blocks are shown in blue, and the type C feedback 

dependence is shown in green. In general, the structural design progresses from systems 

specification, to subsystem description, to component detailing in much the same way 

that mechanical systems designs are described. This progression is shown by the hatched 

boxes (Figure 4.17).



143 

 

Figure 4.17: B511 Seismic Retrofit Swim-lane Diagram (Optimized Case)
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Sequencing (Scheduling) and Lead time 

Increased concurrency, relative to the baseline, is evident, e.g., within the type A and B 

dependence loops shown in red and blue in Figures 4.14 and 4.15. The type A block 

encompassed activities A2.6 Prepare Programmatic Input/Feedback, B3.7 Design MEP 

Alterations Concepts, and B4.1 Provide Rapid Estimate of MEP Alterations. It nested 

within the type B loop, thus incorporating structural detailing. The optimized CPM 

schedule (Figure 4.15) shows these loop activities as concurrent. 

Lead time from the start of design to delivery of the 65% drawings was reduced 

through the DSM sequencing process from 17 weeks shown in the baseline to 15 weeks 

in the optimized plan. The observed design team performance was 15 weeks, in fact 

realizing the decreased lead time indicated by the optimized plan. (This comparison was 

based on a 1 week holiday break and a scheduled digital cloud process duration of 3 

weeks.)  The 65% design delivery package was used as a point of comparison because the 

design submittals delivered at the 35% design delivery package were essentially 

equivalent to team (LLNL and consultant) expectations of the 65% design package. The 

team expectation for phase deliverables were outlined objectively in the request for 

proposal and were based on previous experience gained on similar projects. For this 

reason, the 65% deliverables were omitted and the team worked directly toward final 

design.   

To normalize the comparison between schedules, the start dates were adjusted to 

November 1, a 1-week break was allocated over the holiday season (even though a          

2-week break was requested and granted during actual performance), and the activity 

duration of B2.2 Process Data Clouds was assigned as 22 days for both schedules. The 
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planned duration of this activity grew from 2 in the baseline to 22 in the optimized 

schedule due to a refined understanding of the laser scanning technology. Specifically, 

the time and resources required to translate the point cloud into intelligent 3-D CAD 

objects was underestimated during preparation of the baseline schedule because the team 

was unfamiliar with the capabilities of the technology. 

Batch Size, Level of Completion, and Variability 

DSM facilitated partial information exchange, a reduction in batch size, and a reduction 

in the number of hand-offs as observed in the development of critical column connection 

details described the iteration section that follows. Team members agreed to share partial 

information to allow exploration of design alternatives by all parties. The exchange of 

partial information also helped eliminate waste as additional refinement was avoided on 

concepts that were found non-optimal. The optimized solution did not explicitly consider 

variability in activity duration, level of quality, or in dependence (network or strength), 

however it did recognize concurrent work in highly-dependent activities that would be 

most sensitive to negative deviations. This highly-dependent work was contained within 

large blocks and would likely require rework during the execution of iterative loops. An 

example of this type of activity is the detailing of structural elements (columns, 

collectors, and braces) or the preparation of MEP impact matrices. Rework due to errors 

or misjudgment  within these activities would be costly because they they involve many 

parties and activities. 
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4.4.3 Value Delivery 

Goal and Constraint Alignment 

The compromises reached between structural and MEP systems through iteration 

provided overall project benefits, even though successive solutions appeared less efficient 

from the structural view. Collocation to address concurrency proved beneficial because 

information exchange was facilitated by sketching and all team members were available 

when the specific activity requiring iteration shifted from that predicted. In preparation of 

the optimized schedule, the team had originally supposed the mechanical details would 

go through several rounds of design to avoid the structural elements. During the 

collocated sessions, it was observed that the majority of the iteration occurred on the 

structural design to avoid the MEP conflicts. This ‘conversation’ between designers was 

best accomplished in a face-to-face environment where parties could explore multiple 

options concurrently and receive immediate multi-disciplinary feedback. The 35% 

drawings were coordinated at a higher level than a standard submittal because complex 

issues were identified and resolved through iteration. 

Waste Elimination 

Designers identified and removed wasteful activities such as paper deliverables and 

substituted them with BIM digital files. All design parties were able to view the BIM 

model, however revisions were updated in discrete batch sizes by the structural engineer.  

Iterative block identification clarified the context of iteration, reducing associated 

negative connotations. The team described this iteration as positive because each 

successive concept reduced the overall cost of the project by limiting costly MEP 

alterations. The 65% progress printing was eliminated by LLNL because the design had 
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matured early in the process: difficult details and conflicts became apparent and were 

resolved early, and in a transparent manner, eliminating the need for wasteful review. The 

increased slope in design maturity is attributable to the use of DSM and BIM modeling 

on the project. 

Set-Based Consideration 

Multiple solution sets were considered for the key structural/mechanical detail.  Detailed 

information for the strong-back column details are described in greater detail later in the 

iteration subsection of this chapter. This section focuses on the set-based characteristics 

of this central design issue. The solution space was narrowed in two increments. First, the 

space was defined by bounding decisions before the start of design. An example of this 

was the retrofit concept selected just prior to the onset of design. Second, set pruning 

decisions were made as the solution involved during the execution of design. An example 

of this was the placement of the new columns with respect to the existing column.  

Email correspondence from a structural engineer at  Degenkolb to LLNL dated March 

27, 2007 confirms that several of the solutions at the heart of the design were considered 

simultaneously, as in set-based design. 

“This was most definitely not a linear iterative process.  Some of the schemes I 

disregarded even before I had finished the sketch (the first plate reinforcement  

sketch for instance), while others were considered in parallel before finally being 

sidelined in favor of the final design concept.” 

The solution space for the strong-back column design details is shown in Figures 4.18a, 

4.18b, and 4.18c. The progression from system specification, to sub-system description, 
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to component details occurs from left to right parallel to the activity description described 

in the process diagram (Figure 4.17). Each level of the solution space tree represents a 

decision required to complete the design as outlined next: 

Systems Specification: 

1) What is the seismic concept? Options: Steel Braced Frame, Steel Moment Truss, or 

Plywood Shear Walls. The set bounding solution decision was made during the pre-

concepts phase of the project. The steel braced frame option selection was based on cost 

and general programmatic space allocation and utility impacts. 

2) How are the seismic braced frames configured? Options: Single and Double Bays or 

Single Bays Only. This decision was most influenced by the uplift loads on the 

foundation. The set bounding decision to include single and double bays in the set was 

made prior to the start of design due to foundation costs. The double bay solution was 

needed at a few locations to mitigate high tensile loads on the foundation that required 

expensive soil hold-downs to resolve. 

Sub-System Description: 

3) Do the strong-back columns pass the high bay truss or interrupt and support (shoring 

required) the high-bay truss? Options: To pass the truss in the center or the sides, or shore 

and re-attach the truss to a new column. This set-bounding decision was made right at the 

onset of design. Option 5 was explored by one of the structural engineers and the design 

team, including LLNL and Degenkolb, quickly realized this option was outside of the set 

boundary. 
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4) Is the new column off-set or centered on the existing column in the north-south 

direction? This was a set pruning decision made based on comparing the outcomes of the 

solutions during design. The initial option, based on the centered solution, was chosen as 

part of the final design. The off-set options were explored during the middle course of 

design. 

5) Is the new column centered, facemount, or off-set in the east-west direction? This was 

a set pruning decision tied closely to decision number 4. All three options were 

considered in different configurations until the off-set approach was finalized. The off-set 

in this direction was influenced by conduit and piping conflicts at the column face. 

Component Detailing Decisions: 

6) Is the steel column a strong-axis wide-flange section, a weak-axis wide-flange section, 

a built-up section consisting of steel sandwich plates, or a built-up column consisting of a 

laminated channel? This set pruning decision was based on the structural calculations for 

strength, stiffness, and stability, as well as the geometric connection requirements. The 

final solution was a strong-axis wide-flange column although all options were considered 

during the design process. 

7) Is the new column attached periodically, frequently, or not at all to the existing 

column? This set pruning decision was highly dependent on the steel section chosen for 

the new column. In this case, fewer connections resulted in a more cost effective 

connection design, however the absence of connections increased the new column section 

costs. Ultimately, a heavier weight column without attachment was chosen over a lighter 

section with periodic attachment. 
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8) What is the depth and weight of the steel section? This was a set pruning selection 

explored throughout design. It was highly dependent on the geometry and frequency of 

connection. A W18X153 column was chosen for the final design. 

9) Does the new steel collector pass or connect to the side of the new column? This was a 

set pruning decision based on the high collector loads that needed to be transferred to the 

new column. It was determined that it was best for the collector to pass the column in the 

final decision to facilitate construction and the transfer of loads.  

A review of the nine decisions shows each influenced the final design option. This 

solution space for the strong-back column design was explored in a non-linear fashion 

with some concurrency. Opportunity existed to explore this set in a more rigorous manner 

on the front end of the project but this was not considered. In hindsight, the selection of 

three or four options representing extremes of the solution space could have reduced the 

number of iterations required to finalize the solution. Option 1, for example, represented 

an extreme for mechanical engineers as the structural column interrupted most MEP 

piping runs. It is also likely that establishing the vocabulary of column sets would have 

focused the team on the relative merits between options because they would have been 

more obvious, rather than in refinement of optimized solutions consisting of trade-offs 

between disciplines.
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Figure 4.18a: Strong-back Column Solution Set Representation



152 

 

Figure 4.18b: Strong-back Column Solution Set Representation (Cont.)
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Figure 4.18c: Strong-back Column Solution Set Representation (Cont.)
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4.4.4 Iteration General 

Through DSM implementation, the team predicted and anticipated iteration involving 

interaction between strong-back column details and MEP impacts. Several additional 

activities, considered peripheral to the primary design objective were not predicted but 

were observed as iterative and are described next. 

Strong-back Column Design and Detailing 

The team considered seven (7) detailed concepts. Each concept was driven by a need 

identified by individual design activity. Causes of the iteration included competing values 

and design complexity. The team developed a greater understanding of design 

interactions and constraints as the design progressed. The team considered this iteration 

as positive. This form of iteration is explored in greater depth later in the subsection of 

the chapter entitled, Iteration Around Strong-back Column Design. 

BIM Coordinate System 

The project team deliberated three times on the insertion point and coordination system 

for the mechanical and structural models within REVIT. The cause of the iteration 

involved differing origins of data. The mechanical model was based on a laser scanned 

point cloud representation of the infrastructure which was accurate to 2.5 mm(1/10 in). 

The structural model was based on original structural drawings and did not take into 

account tolerance in construction or deflection under applied loads. The final solution 

involved a compromise, allowing insertion of the structure to minimize deviation from 

the as-built condition. The team considered this form of iteration as negative. It is not 

entirely clear how this form of iteration can be avoided in the future. An awareness of the 
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concern will focus the team on resolving the conflicts. Finding a common datum is not 

the challenge, but addressing the disconnect between as-built conditions and dimensioned 

design drawings remains a concern. The greatest outstanding issue is which 

design/construction entity owns the responsibility and associated liability for as-built 

conditions. Traditionally, design drawings are idealized based on existing conditions 

documented on previous drawings and the contractor is responsible for documenting field 

conditions. In the case of laser scanning however, the accuracy of the available 

information during design is much greater. This places the designer in an awkward 

position where they must consider detailing to tighter tolerances because they are aware 

of in-situ conditions. This issue is less of a concern if the IFOA is implemented because 

the team, in this case, shares the responsibility for field conditions and can address them 

from a systems perspective as needed. 

Information Hand-off Between Laser Scanners and Mechanical Engineer 

The contents and format of information exchange between the laser scanners and the  

mechanical engineer took at least 5 attempts to clarify. The cause of iteration was first 

founded in misunderstandings surrounding the technical capabilities of the laser scan 

conversion to a 3-D CAD file. Second, specific expectations of the intelligent information 

(e.g., pipe diameter and use, or electrical conduit diameter, wire size, wire quantity and 

circuit identifier) embedded with the CAD file were misunderstood. This iteration was 

considered positive in outcome, however wasteful iteration could be removed on 

subsequent projects due to the team’s gained experience. Even though requiring 

significant unanticipated meeting time, the resolution of information contents and hand-
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off format allowed for more efficient down stream processes because the information was 

accurate and readily at hand. 

Email correspondence from Degenkolb project managers to LLNL dated March 10, 

2008 confirms the evaluation of this iterative activity. 

“The original proposal was for AEI to create as-built documentation of the high 

bay in order to determine collateral impacts. Optira was brought on-board to 

prepare better documentation. If this effort were not performed, there would have 

been considerable difficulty in completing the survey and much more opportunity 

for error. Effort was required to determine the proper work split between Optira 

and AEI. 

The conversion of the data into BIM objects (by Optira) is labor intensive and is 

primarily completed by hand (not a computer automated process). Due to our 

limited budget and limited need on this project for conflict checking (at new 

seismic frames only), it was decided that the project objective could be 

accomplished by receiving 3-D CAD objects from Optira and full conversion to 

BIM objects was not necessary. AEI has taken these 3-D CAD drawings and 

applied the intelligence (at specific locations) from their field surveys.” 

Email correspondence from AEI  to Degenkolb and  LLNL dated March 10, 2008 

corroborates the positive outcome of the hand-off clarification. 

“Optira had proposed to provide 3-D CAD files of existing equipment, conduit, 

piping, and ductwork at work areas defined by Degenkolb. Optira’s laser scan is 

capable of digitizing objects with no BIM information; the objects are just tubes, 
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rectangular shapes, etc. AEI worked with Optira to define only critical items 

needed for the design. This eliminated a significant amount of work that was not 

critical to the design. This activity required AEI to expend extra hours, but the 

benefit was an overall time savings because it would have been difficult to identify 

some of the impacts between structural members and existing equipment without 

the 3-D model produced by laser scan.” 

Schedule Development and DSM Refinement 

The team produced four schedules and twelve DSM matrices prior to reaching final 

agreement. This iteration was due approximately half to the learning curve associated 

with a trial DSM implementation and half to project-specific process optimization. The 

iteration was classified as positive, however the team suggested the DSM iteration should 

be reduced on future projects due to lessons learned. 

4.4.5 Iteration Around Strong-back Column Design 

The central design feature of this project involved the development of steel strong-back 

columns. Seven rounds of design iteration were observed, each providing a variety of 

benefits and penalties with respect to structural, MEP, and architectural design 

considerations. Detail development was driven by activities required to address deficient 

or sub-optimal aspects of the design. The block of activities identified by DSM as related 

to strong-back detail development was within the type A and B block in Figure 4.14 and 

appears associated with exploring alternatives in the detail design space. More substantial 

changes in design direction were associated with activities outside of the detailing loop.  

The process of design development appeared to be non-linear, both in the DSM as 

well as observed in practice. Interaction between collector and strong-back column 
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details were not identified initially during design planning, but were observed in the final 

design. Additionally, the impact of longitudinal frame column details and impacts on 

strong-back column location only became evident during the course of design. The final 

solution represented a collection of sub-optimal considerations across competing design 

objectives: column off-set location, depth/weight, and interaction with seismic collectors 

and frames all were balanced with impacts on MEP and architectural features. Email 

correspondence from a structural engineer at a Degenkolb to LLNL dated March 27, 

2007 confirms the collaborative nature of design within an environment of competing 

objectives. 

“I've attached 7 sketches I did for the alternate design study for the column 

transfer detail. We started looking at the options of pulling the new column away 

from the existing column shortly after the Pre-Title 1 Seismic Study Estimate 

identified a significant amount of collateral impact with that scheme.  Shortly 

thereafter, AEI also suggested a similar concept and we worked together to find a 

structural scheme that would minimize the amount of collateral impact.  I would 

consider the attached sketches a single positive design iteration.  They were all 

done by me within a few days of each other, and constituted a single 

brainstorming session.” 

Email correspondence from AEI to LLNL dated March 10, 2007 confirms the positive 

influence of this iteration on the project outcome. 

“Brainstorming between AEI and Degenkolb allowed LLNL to reduce 

construction cost. Redesign had minimal cost impact for the structural 
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modifications, but significantly reduced MEP construction costs. This was an 

iterative process between AEI and Degenkolb between 9/25/07 and 12/4/07.” 

A detailed description of the strong-back design problem and iterative solutions is 

provided next. 

Design Considerations 

Structural Seismic Resistance in the Transverse Direction: In the transverse direction, 

the primary function of the strong-back column is to transfer seismic loads from the low 

bay roof to the high bay roof. Flexural strength and stability along with collector 

continuity are important design considerations. Optimal steel shapes from most to least 

efficient are: 1) wide-flange column with strong axis bending, 2) miscellaneous channel 

bolted to the side of the column, 3) steel plates bolted to the side of the column, and       

4) wide-flange column with weak axis bending. For shapes susceptible to lateral-torsional 

buckling (i.e., wide-flange columns with strong axis bending), torsional bracing off of the 

existing structure is required. It is beneficial to have the column close to the existing 

structure or additional strength is required to compensate for the lack of bracing. 

Structural Seismic Resistance in the Longitudinal Direction: In the longitudinal 

direction, the primary function of the strong-back columns is to resist compression and 

tension loads at seismic braced frames. The frames brace the high bay and low bay roofs 

and are located typically every third bay, however a few are located in adjacent bays. The 

strong-back columns at the braced frames must be coordinated with the collector 

elements that drag and deliver seismic loads at both roof levels. Axial strength and 
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stability, brace/column detailing geometry, and collector interface arrangement are 

important design considerations for the columns at the longitudinal frames. 

Mechanical, Electrical, Plumbing (MEP): The primary goal of this project is structural 

in nature so it is necessary to relocate MEP systems in conflict with the new structural 

elements. Due to the critical support role functions provided to the Lab by this facility, it 

was required the facility remain operational during construction. This notwithstanding, 

structural design consideration for MEP elements is to limit “collateral” impacts to the 

extent possible. Electrical conflicts include wall-mounted distribution panels and conduit 

runs. The conduits were primarily attached to the face of existing columns. Mechanical 

and plumbing conflicts include hot and chilled water, steam piping, and compressed air 

lines. Structural solutions that are not attached to the existing wood column face are 

optimal from the MEP piping and conduit view. Structural solutions that avoid panel 

boards mounted on the wall face are optimal from the perspective of the electrical 

engineering criteria. 

Architectural : The architectural design goal is to limit impacts to architectural elements 

and functions due to new structural elements. Architectural design considerations include 

interruption of wall mounted cabinetry and avoidance of emergency exit doors. 

Additionally, a floor pathway immediately adjacent to this new column line serves as a 

pathway for material movement around the shop. Pathway function is best maintained by 

locating the new columns as tightly as possible to the exiting structure. 
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Observations of Option Development 

The team developed seven options for the strong-back column details, shown in Table 

4.1. The source of the drawings for Options 1, 6, and 7  were the formal submittals by 

Degenkolb including the Conceptual Design Report (Degenkolb 2007), 35% Drawing 

Submittal (Degenkolb 2008a), and 100% Drawing Submittal (Degenkolb 2008b) 

respectively. The sources for other options were design sketches exchanged between 

team members and catalogued by Degenkolb. Exact representations of details and 

sketches prepared by Degenkolb are referred to herein as ‘Native.’ To facilitate the 

comparison across the variety of options and conditions, the details/sketches were drawn 

at every condition to match the presentation of the chosen solution, Option 7. The 

remaining details were extrapolated (by a collection of LLNL structural engineers and 

validated by Degenkolb) to facilitate the comparison between options at all conditions.  

The first six options were developed up to and including 35% Drawings. Option 7 

was presented at the 100% Final Design. Each option was developed in response to an 

identified deficiency and was requested by the responsible discipline for that activity. 

Options 1, 2, 4, 6, and 7 were driven by details-related activities within the type A and B 

dependent block identified by the DSM in Figure 4.14. These options were typically 

refinements on previous suggestions. The activities driving Options 3 and 5 were outside 

the primary loop and constituted greater systematic changes. These options were 

considered mid-course in the development process which suggests they were both 

iterative and non-linear in nature. Table 4.1 presents a summary of option development, 

motivation, and relationship to the activity DSM.
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 Option 1      
Conceptual Design 

Report 

Option 2 Option 3 Option 4 Option 5 Option 6              
35% Preliminary 
Design Submittal 

Option 7              
100% Final Design 

Submittal 

Typical Plan Detail at 
Existing Wood Column 
with Steel 
Reinforcement 

 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

    

  

 

 

 

Description  W14 Wide-flange 
Column  

Sandwich Plate Sandwich Plate 
Adjusted 

Channel W14 Column Shored 
Truss 

W14x53 Column W18x119 Column 

Existing Column Offset Offset 0” (face-mount) Inset (along side) Inset (along side) Inset (along side) Offset 31 cm (12 in) Offset 36 cm (14 in) Offset 46 cm (18 in)  

Comment Baseline pre-design 
Concept 

Proposed after first 
integrated team site-
walk  

Structural enhancement 
of Option 2 

Structural enhancement 
of Option 3 

Structural 35% Design Detail 100% Design Detail 

Concept Motivation Optimize strong-back 
strengthening 

Avoid MEP impacts at 
column face 

Optimize flexural 
strength of strong-back 
transfer column 

Optimize configuration 
at longitudinal braced 
frame column 

Optimize longitudinal 
braced frame 
configuration and 
reduce MEP impacts 

Further reduce MEP 
impacts and eliminate 
truss shoring by 
passing truss with 
channels 

Increase offset to allow 
W18 collector to pass 
between transfer 
column and existing 
column 

Requesting Discipline: 
Activity Pull 

Structural: 
Design/Detail Transfer 
Columns. 

MEP: Develop MEP 
Impacts Narrative 

Structural: Overall 
Design High bay 
Frames 

Structural: 
Design/Detail Transfer 
Columns 

Structural/MEP:Overal
l Design High bay 
Frames & Develop 
MEP Impacts  
Narrative 

Structural/MEP:Design
/Detail Transfer Cols & 
Develop MEP Impacts 
Narrative 

Structural: 
Design/Detail 
Collectors 

Table 4.1: Evolution of Strong-back Transfer Column Design 
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Option 1-W14 Wide-Flange Column Reinforcement: This option was first prepared by 

structural engineers as part of a pre-design scoping effort. This solution was the most 

direct and traditional structural solution for this seismic deficiency. The design team’s   

structural engineers were very experienced with this form of  retrofit and therefore more 

confident exploring alternate design solutions though they might have been had this been 

their first retrofit project. A W14 steel wide-flange column was face-mounted to the 

existing column. This was an optimal solution from the structural view because in the 

steel column was in strong axis bending and directly attached to the existing wood 

column by intermittent brackets. However, this solution was sub-optimal for MEP 

impacts because the column interrupted all of the electrical conduit and piping. 

Architecturally speaking, this solution balanced intrusion on the walk-way with cabinet 

and door interferences.  

Option 2-Sandwich Plate Reinforcement: This option was driven by mechanical 

engineering requirements to reduce piping and conduit impacts. The solution was sub-

optimal structurally because the plates were less efficient than the wide-flanged column. 

From a MEP and architectural standpoint, it was optimal due to reduced impacts.  

Option 3-Sandwich Plate Reinforcement with Adjustments: This option was 

suggested by structural engineers to address the inefficiencies of the plates in bending. 

Plate sizes were upsized at the typical condition and a wide-flanged column was added 

where longitudinal braces occurred. From an MEP and architectural view, this solution 

was similar to Option 2 but structurally it was improved. Structural engineers however 

became aware of a new concern, when detailing column and brace details at adjacent 
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longitudinal frame bays. By introducing the wide-flanged column alongside the exiting 

wood column, two steel columns were required per wood column at adjacent bays. This 

proved exceedingly inefficient from a cost stand-point. 

Option 4-Channel Reinforcement: Option 4 was developed in parallel with Option 3. It 

substituted a steel channel alongside the wood column for less efficient plates. This 

solution was more efficient structurally at the typical condition, however it did not 

address inefficiencies at adjacent longitudinal bays.  

Option 5-W14 Column Reinforcement Shored Truss: This option was developed to 

address detailing concerns at adjacent longitudinal seismic frames. The steel column was 

rotated weak axis and offset 30 cm (12 in) from the wood column face. This adjustment 

balanced the efficiency of detailing the frame columns with reduced efficiency of the 

strong-back in bending due to the rotated shape (weaker in strength and reduced in 

stiffness) and intermittent bracing. This solution was balanced from an MEP and 

architectural view. By offsetting the column, the majority of piping and conduit conflicts 

were avoided and door/cabinet conflicts were reduced. The offset column did intrude into 

the architectural access aaisle to a greater degree. The greatest shortcoming of this detail 

was the interruption and shoring of the existing truss this detail was therefore set aside 

because shoring and re-support were considered prohibitively expensive. 

Email correspondence from the mechanical design engineer at AEI to Degenkolb, 

dated November 27, 2007, discussing their understanding of the design direction 

regarding the strong-back columns.  
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“Attached is a sketch  (Figure 4.19)  of our understanding of the current design 

concept for column reinforcement.  There will be a gap between the new columns 

the existing.  As we indicated previously, the gap would help us reduce the 

number of MEP piping/conduit that would have to be relocated.  As can be seen 

in the sketch, critical concerns are 1) the gap between the new column and the 

existing column and 2) the attachment points.  Once we have your design concept, 

we can identify conflicts and provide the design to reroute the conflicting MEP 

equipment/pipe. Please review the sketch and let us know if it correctly reflects 

your design concepts.  Feel free to give me a call if you have any questions.”   

 

Figure 4.19: Design Direction Confirmation Sketch dated November 27,2008 

Email correspondence from Degenkolb to AEI, dated November 27, 2007, responding to 

the AEI inquiry regarding feasible strong-back column design options.  
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“I do not believe that the final design concept has been set.  The current design, 

which is shown in our reports has the new column directly against the existing 

timber column.  As part of the next steps, our activity is to understand the 

sensitivities of the utilities, check for conflicts with the program and to modify the 

structural concept if necessary.  The option you have noted below is one 

modification that is being considered and should be validated.” 

Option 6-W14x53 Column: Option 6 was developed by structural engineers in an effort 

to capture the benefits of Option 5 without shoring the truss. The wide-flange column 

was rotated to allow for the welding of steel channels to the column at the high bay roof 

truss. This allowed the strong-back column to pass the truss without the need for shoring. 

Intermittent attachment brackets were increased in frequency to maintain the stability of 

the wide-flanged column. Wide-flanged column off-set was increased to further reduce 

impacts to conduit and piping. This increased the intrusion slightly on the architectural 

access aisle. 

Option 7-W18x119: This option represented a refinement of Option 6 by upsizing the 

column depth and weight to eliminate the need for intermittent bracing. The offset off the 

column was increased to 46 cm (18”) to facilitate collector detailing at the low bay roof. 

The interaction between strong-back column detailing and collector detailing was not 

previously identified by the design team and was not represented in the DSM. Option 7 

represented the 100% construction documents detail. It was balanced from a structural 

standpoint. The column was offset to avoid utilities. The column location was not 

optimized due to the offset however it was upsized to reduce costly bracing brackets.     
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Figure 4.20: Strong-back Column Detail Option 1 
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Figure 4.21: Strong-back Column Detail Option 2 
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Figure 4.22: Strong-back Column Detail Option 3 



 

 170 

 

Figure 4.23: Strong-back Column Detail Option 4 
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Figure 4.24: Strong-back Column Detail Option 5 
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Figure 4.25: Strong-back Column Detail Option 6 (Degenkolb 2008a) 
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Figure 4.26: Strong-back Column Detail Option 7 (Degenkolb 2008b) 
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4.5 CONCLUSIONS 

This chapter examined a case study where DSM-based planning software was used on a 

seismic retrofit project. It demonstrated how DSM identified and filled the gap when 

translating an activity network with necessary information exchanges into an activity 

network with various types of dependencies, and how that, in turn, was translated into an 

optimized schedule. As shown, outstanding opportunities exist to apply DSM 

methodologies to SE design.  

The development of DSM tools specific to this field promises increased proliferation 

of such tools. Interactive displays containing unique views, coupled with DSM 

visualizations afford SEs greater work planning insights. DSM coupled with BIM models 

are an encouraging proposition because the physical/geometric dependence inherent 

within the BIM model can be mapped with design/construction/fabrication forms of 

dependence capture in DSM. The maturity (accuracy, completeness, level of coordination) 

of information within the BIM construct may also be mapped against the phases of the 

design process. Thus the BIM model can be populated with information in a pattern 

consistent with the optimized activity DSM.  These include cost-loaded work breakdown 

summaries, CPM diagrams, cross-functional swim-lane diagrams, graph theory relational 

constructs, and value stream maps. 
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BUILDING DELIVERY
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5.1 SUMMARY 

The general goal of this case study, is to validate use of the DSM methodology on an 

independent industry project. The chosen project involves the steel building design and 

construction delivery system. Specifically, this case considers the delivery of fast-track, 

steel-structure manufacturing facilities for the automobile industry. Two systems are 

compared: 1) the ‘traditional’ steel building delivery model and, 2) the ‘steel 

fabricator/erector early award’ delivery model. The primary objective of this case is to 

review value stream maps, prepared by an industry consultant during an optimization 

exercise, to see if DSM and swim-lane diagrams can provide additional insights and, if 

so, in what way they augment the toolset available to design managers.  

5.1.1 Project Overview 

GHAFARI Associates (Ghafari) is a design and design management consultant firm that 

designs steel manufacturing facilities for the automobile industry. Ghafari is located in 

the upper Midwest and serves the automobile industry as manufacturing process/facility 

designers and production managers. Emdanat et al. (2005) report that many of the lean 

principles deployed to optimize automobile manufacturing processes are now applied to 

the AEC supply chain for facilities: 

“Automotive original equipment manufacturers driven by global competition are 

finding that their facilities design and construction is increasingly becoming on 

the critical path for accelerated product delivery. After successfully transforming 

product and design manufacturing process by applying lean principles and 3-D 

enabled rapid prototyping technologies to eliminate waste and maximize 

efficiency, many of these manufacturers are now looking at their 
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design/construction supply chain to deliver the facilities at increasingly 

aggressive schedules and at reduced cost.” 

One such tool, first applied to manufacturing and now considered for AEC project 

management is value stream mapping (VSM), as introduced in Chapter 2. In the early 

2000s, Ghafari explored improving the traditional steel building delivery process through 

the use of this tool. Manufacturing facilities are typically constructed of 8 to 10 ft (2.5 to 

3 m) deep, long span (on the order of 100 m 300 ft) steel trusses, supported by steel 

columns and concrete footings. These 400,000 sf. structures are highly integrated with 

manufacturing process systems and mechanical equipment piping runs within the truss 

chords. For this reason, the design of these structures can be highly iterative, with 

fundamental forms of dependence relating equipment weight, truss design, and 

frame/manufacturing process layout. Ghafari’s approach was to document the traditional 

baseline process VSM and then evaluate means to improve (remove waste and add value) 

the process. The traditional process is explored in this case study and is compared to the 

future state of pre-selecting the steel fabricator prior to design. Additional insights on the 

future use of BIM and IFOA are projected based on the findings herein. 

5.1.2 Traditional Steel Building Delivery 

The description of the baseline steel building process closely matches the current 

description of the AEC design process captured in Chapter 3. Figure 5.1 depicts Ghafari’s 

understanding of  the traditional ‘linear’ delivery process, with discrete hand-offs 

between disciplines. 
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Figure 5.1: Traditional Delivery Process (Emdanat et al. 2005) 

 The primary team members are the owner, design team (led by structural engineers), 

general contractor, and steel fabricator/erector.  

To gain a deeper understanding of opportunities for improvement, Emdanat (2008) 

applies VSM as a design management tool to explore the ‘traditional’ process. Ghafari 

uses VSM to examine repetitive processes and focuses on, “1) process time, cycle time, 

and lead time, 2) batch sizes, 3) control system, 4) push vs. pull, and 5) single piece 

flow.”  Figure 5.2 is a VSM of the traditional steel building design and construction 

process. The rectangular boxes are activities with known durations. Process and lead time 

are denoted under the linked activities. Ghafari determined that the lead time from the 

start of design to placement of the mill order was 11 to 14 weeks with the traditional 

process. 
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Figure 5.2: Traditional Steel Building Delivery (Emdanat 2008)
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The VSM shows that the design and construction progresses as a stage-gate approach 

with design-bid-build delivery as the typical contractual arrangement. The map also 

denotes several locations where owner feedback or contractor requests for information 

generate rework loops. In this system, the owner establishes the design criteria and hires 

an AEC design team and general contractor. Throughout the building delivery, especially 

during the review of design, bids, and submittals, the owner provides input to the design 

team regarding the facility design and function.  

In this traditional process, the design team prepares 2-D drawing/specifications and 

the owner reviews the design documents in an iterative process before release for bid. A 

general contractor is selected concurrent with this process by negotiated contract. When 

the drawings are complete and approved, they are packaged by the general contractor and 

estimated by several steel fabricators/erectors. During the take-off process, the steel 

fabricators/erectors interpret the drawings and where clarification is required, submit 

requests for information to the design team. The general contractor reviews the bids and 

ultimately the owner selects a steel fabricator/erector. After award, the steel 

fabricator/erector prepares a more detailed take-off for mill order. After this is prepared, 

and approved by the general contractor and owner, the mill order is released to 

manufacture and deliver the bulk steel order. 

Concurrently with placing the steel order, the fabricator/erector builds a computer 

frame model, details the connections, and outputs the information in the form of shop 

drawings for review by the design team. During the frame-model generation, the steel 

fabricator again requests information from the design team regarding drawing 

interpretations, incomplete information, or constructability issues. The design team 
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reviews the shop drawing submittals, incorporates input from the owner, and releases the 

submittals for construction. Once bulk steel has been received, it is fabricated using the 

approved shop drawings, then erected. Design clarifications required during this stage are 

again sent to the design team in the form of requests for information. Emdanat et al. 

(2005) confirms the general nature of the traditional process as “The traditional 2D-

based delivery system which favors sequential processes and hand-offs at each stage.” 

The process depicted in the VSM is essentially linear with two exceptions:                 

1) Requests for information (denoted as RFIs) are design clarifications requiring 

feedback from the engineering team. These occur during bid preparation, detailing, and 

erection, and 2) owner review occurs at the completion of design, during bid, alongside 

RFI response, and following engineering submittal review. Requests for information, 

owner input, and design refinement are drivers of iteration within the traditional system. 

5.1.3 Optimized Steel Building Delivery Options 

Ghafari considered three optimized delivery options: 1) pre-award of steel 

fabrication/erection contract, 2) electronic exchange of submittals, and 3) use of a single 

BIM model for design and detailing documentation (Emdanant 2008b). Option 1, the pre-

award of steel fabrication/erection contract is the focus of this comparative case. 

Option 1: Pre-award of Steel Fabrication/Erection Contract 

The option of pre-awarding offers several systemic benefits. The general process remains 

the same except that the series of activities required to competitively bid the steel contract 

are removed, including: Print for Bid Package, Assemble Packages, Take-offs, Bids, 

Review Bids, and Award Contract. These activities are replaced with a single activity, 

Pre-select Steel Fabricator Erector, at the start of design. With the steel contractor on 
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board, the design team can incorporate steel section availability (from the mill), design 

for fabrication, design for erectability, and fabricator cost optimization of frame 

layout/details considerations. Lead times from the start of design to the placement of mill 

order with this option are reduced from 14 weeks to 8 weeks (Emdanant 2008b). 

Potential negatives of this approach include a higher cost because the contract is 

negotiated and not competitively bid and reduced quality/design options because design 

options are constrained by the specific capabilities of the selected fabricator. This effect 

may be somewhat mitigated by the fact that there are few (approximately 8) fabricators in 

this market, so competition is somewhat limited regardless of award method. Ghafari has 

used the pre-award option for nearly 6 years with great success (Emdanant 2008b). 

Option 2: Electronic Exchange of Submittals 

Ghafari has extended the lead time reductions gained with pre-award of the steel 

subcontract, by exploring an entirely virtual steel shop drawing review process. The 

upside of this process is reduced lead times: The downsides are negligible given the 

familiarity with digital models now prevalent within industry.  This process reduces wait 

times within the shop drawing review process because the drawings are instantly 

transferred and duplication/transmittal logs are not required. Option 2 removes another 3 

weeks lead-time (Emdanant 2008b) from the entire process, however this lead time 

reduction occurs after placement of the mill order (reducing overall delivery lead time 

from the start of design to placement of the mill order).  

Option 3: Single BIM Model for Design and Detailing 

The most aggressive alternate for the steel design and construction process requires the 

use of a single BIM model. In this case, lead times from the start of design to placement 
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of mill order are reduced to 1 week (Emdanat 2008b). This delivery model has the benefit 

of a single information sharing platform. Designers, detailers, estimators, fabricators, and 

erectors all work from the same 3-D model. This model also has the benefit of improving 

coordination between disciplines and reducing errors resulting from misunderstandings 

and misinterpretations of design documents.  

5.2 TRANSLATING VSMS 

The DSM implementation process described in Chapter 4 was applied, in concept, to the 

traditional and optimized (Option 1) delivery models. ADePTTM Design Builder     

Version 1.1.3 was used to generate and sequence the DSM matrices. The activity 

definitions were extracted from the VSM provided by Ghafari in combination with a 

project management representative familiar with the VSM and steel building delivery 

processes (Emdanat 2008b).  Dependencies were categorized by strength in descending 

order from A to C, and DSM algorithms set to optimize the sequence around the type A 

and B only. Type A dependencies were critical, B were strong, and C were weak. 

ADePTTM generated the optimized DSM matrix and associated CPM schedule. 

Corresponding swim-lane process diagrams were prepared to assist in the DSM 

generation and to provide additional insights regarding the process characteristics of the 

system. These figures were color coded to match the output from the DSM: type A 

feedback dependencies are shown red, type B feedback dependencies and blocks are 

shown blue, and the type C feedback dependence is shown in green. 

5.3 TRADITIONAL PROCESS 

Figure 5.3 depicts the traditional delivery process by means of a swim-lane process 

diagram and Figure 5.4 represents a DSM of the same process. Both representations 



 

 185 

describe two iterative blocks inter-connected with a linear string of processes. The DSM 

is derived by first optimizing the sequence and then arranging the activities to match the 

VSM. To arrange the activities, they are ‘locked’ in the program to freeze their position 

relative to other activities. The block at the beginning of the process represents the design 

and bidding process. This block is characterized as a type A design block nested within a 

type B design and bidding block. The A block involves the design team itself and the B 

block adds owner review, the general contractor, and bidding steel subcontractors. 

Iteration in the type A block is required to refine, optimize, and coordinate the design 

documents. Iterative loops encompassing the type B block involve input from the owner 

on design and requests for clarification/change from the bidding subcontractors. 

A linear process from bid to mill order follows the design-bid block. Activities 

included in this portion include award of the steel contract, mill order take-offs, approval 

of the order, placement of the order, frame model construction, and detailing.  

Once detailing is complete, the design enters a second block initiated by submittal 

preparation, submittal mark-up, submittal review, fabrication, assembly, and installation. 

This type A block is bound by dependence between the submittal drawings and 

engineering review and by requests for information initiated by the steel contractor 

during fabrication and installation.  

Two type C dependence marks are shown to the right of the diagonal: 1) one 

identifies dependence between the owner review of submittals and sub-system design, 

and 2) the other identifies dependence between the steel fabricator’s building-model 

preparation and the construction administration response to information requests. 

Because the DSM sequencing algorithms were set to optimize around A and B marks, the 
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type C marks remain to the right of the ordered sequence. Both marks have relevance to 

the system description. The mark involving the owner review of submittals shows high 

impact of owner changes after the submittal-fabrication block has been initiated. If the C 

marks were increased in strength of dependence to B marks, a block would form 

incorporating nearly the entire process. Additionally, a disconnected activity box is 

shown in the upper right hand corner of Figure 5.3. This box denotes owner input that 

must be managed throughout the process because any inputs during design, bid, detailing, 

fabrication, or installation activities will initiate a large (process-wide) iterative loop. 

The second type C mark is also of importance. This mark indicates that steel 

fabricator/erector requests for information impact on the bid price. The entire system is 

highly sensitive to the strength of dependence between these activities. Figure 5.5 depicts 

the DSM matrix (type A) for the traditional case with this sensitive independence 

increased to critical. In this case, critical requests for information during detailing impact 

the bid price in the competitive bid environment. This produces a large type B loop with 

multiple type A loops. The type A loops are embedded within the larger B block and are 

indicative of strong feedback tendencies within the larger B block. This system 

configuration is extremely chaotic and unproductive because a large block of rework is 

inserted into the middle of the process, starting and  finishing with design and 

detailing/fabrication loops respectively. Frustrations are likely to build, associated with 

the management of this process, because the accuracy of information will likely be 

significantly reduced. Also, the flow of information is likely to be choked by confusion 

between team member information hand-offs (content and responsible party).
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Figure 5.3: Steel Building Swim-Lane Diagram (Traditional Case) 
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Figure 5.4: Traditional Building DSM with Weak RFI-Submittal Dependence 
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Figure 5.5: Traditional Building DSM with Critical RFI-Submittal Dependence
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5.4 OPTION 1: STEEL FABRICATOR ERECTOR PRE-AWARD 

Figure 5.6 depicts the early award swim-lane diagram and Figure 5.7 represents the 

corresponding DSM. The basic structure of the process is similar to the traditional 

method, however there are some significant improvements. 

The first block of activities in the early award approach represents the design and 

owner review activity. Because the contractor has provided input ‘up front’ and a 

competitive bid is not required, the iterative block is much smaller. This suggests less 

rework as the design progresses. More importantly, the rework loop that was removed 

pertained to the preparation of bid estimates and clarification of information. Iteration 

through these activities does not contribute to increased owner value, contrary to the 

value contribution possible during design iterations. In other words, iterative work was 

reduced, and the tasks reduced did not impact the system’s ability to deliver value to the 

owner. 

The first block is followed by a linear succession of activities including the 

preparation and issue of a mill order. Because the steel fabricator was on-board early, the 

expectations of section availability from the mill should already have been built into the 

design. (The fabricator should be aware of the availability of shapes currently rolled at 

regional mills.) The process then enters the frame modeling and detailing process. 

Feedback to the design team in terms of request for information and clarification are 

necessary at this time, however the dependence between these requests and the design 

itself is reduced from the traditional case because of the early involvement of the steel 

contractor. 
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As the delivery process approaches the final block, shop drawing preparation, review, 

fabrication, assembly, and erection activities are performed. In the pre-award case, the 

block remains a similar size, but a large portion of the block is reduced to type B from 

type A. This reduction in dependence reflects the steel contractors early and ongoing 

involvement with the process. This will likely reduce the impact of submittal changes on 

the detailing, fabrication, and erection process. 

Finally, type C dependence marks denoting owner feedback in the delivery process 

remain. This form of dependence is likely reduced, because with early bid, the owner is 

likely to encounter issues that would initiate change earlier in the process. Thus, the 

tendency for late changes due to bid preparation (cost) or submittal review (scope) are 

somewhat reduced. Management of owner expectations and values are still required 

throughout the process. 

5.5 FUTURE OPTIONS: DIGITAL SUBMITTALS AND BIM 

The delivery systems involving digital submittals and BIM are likely to enhance the flow 

of information within the process. Digital submittals would reduce lead times between 

release and review, but would not likely impact the structure (block formation) of the 

DSM. Digital submittals enhance the information transfer between parties but do not 

impact the activity dependence constellations.  The use on the project of a single BIM 

model, in contrast, could influence the system structure. If the design team and detailers 

are able to agree to using a common 3-D drawing platform, the need for clarification 

during the hand-off to detailing could be eliminated, thus releasing an influential form of 

dependence.  
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With a single ‘internally coordinated’ model, later activities are not dependent on 

upstream information for clarification. The detailing process becomes an extension of the 

design, not a duplicitous activity that must dovetail with upstream information that has 

different goals and objects. When engineers prepare drawings, their intent is to 

communicate the intent of the drawings by depicting general conditions. Detailers, on the 

contrary, are tasked with drawing every piece specific to the job for fabrication. 

Engineers generate internal team member value by depicting more conditions with fewer 

details (less drawings typically means less cost). Fabricators are motivated to show every 

pieces so that they can reduce the number of ‘costly’ conflicts that arise during erection, 

after the pieces have left the shop. By agreeing to share the single BIM model, both 

parties must align to support the value needs of the other. In other words, the fabricator 

works with the engineer to understand the intent of the details with as little detailing as 

possible, and the engineer supports the fabricator by capturing as many conditions as 

possible. 
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Figure 5.6: Steel Building Swim-Lane Diagram (Steel Fabricator Pre-award)  
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Figure 5.7: Steel Building DSM (Steel Fabricator Pre-award)
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5.6 OBSERVATIONS 

The process of deriving a DSM from a VSM is very similar to generating a virgin DSM 

for a design project. The implementation process outlined in Chapter 4 applies readily. 

The most compelling part of the process is the recognition in the VSM of the 

fundamental forms of dependence governing the process and associated translation to 

marks in the matrix. In this case, the VSM identified activities influenced by request for 

information and owner review as forms of dependence but the map did not link the 

activity to another through the identified dependence.  

5.6.1 Work Structuring 

Swim-lane process diagrams and DSM matrices provide insights into activity assignment 

and definition. In translating the VSM to a DSM, several activities were omitted from the 

VSM that were described in iteration masking language. These activities included 

‘Update Drawings’ and ‘Mill Order Drawings’, both were terms for ‘complete design 

drawings approved for bid and construction.’ The swim-lane process diagrams are 

particularly useful at understanding the relationship between hand-offs and iteration. 

During the submittal process, the detail packages are released from the steel contractor, to 

the design team and owner, through the general contractor. These hand-offs are clearly 

depicted in the swim-lane diagram and their presence within a loop allows implies the 

activity is quite repetitive, due to multiple batches and revised packages. When 

considering the case where a single a BIM model is prepared by the project, both the 

swim-lane diagram and DSM representations could best provide valuable insight into 

which organization (design firm, general contractor, steel contractor) should provide that 

service. Specifically, the capabilities and resource availability of the organizations could 
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be considered along with their function relative to iterative activity blocks and repetitive 

hand-offs. 

5.6.2 Process and Work Flow 

The flow of work view is quite evident in the swim-lane diagram and DSM 

representations. Hand-offs between organizations and repetitive hand-offs between 

organizations are visibly evident on the color coded swim-lane diagram. This information 

allows design managers to focus improvement efforts on repetitive exchanges, such as 

shop drawing preparation, review, correction, and re-review. Impacts of information 

reliability are readily discerned from the DSM. In the traditional case, for instance, 

drawing errors impacting the bid price have a dramatic impact on required rework as 

shown by the large type A loop in Figure 5.5. These impacts are significantly less if the 

information only impact detailing, not the cost. 

5.6.3 Value Delivery 

As afore mentioned, the DSM representation illustrates which activities are associated 

with iterative work chunks. This allow design management to cluster activities in a 

manner likely to contribute to owner value. This is apparent when the steel contractor is 

brought on the team early in option 1. This action includes the fabricator’s input before 

the design loop, ensuring that these constructability considerations are incorporated in 

iterations optimizing the final design. Additionally, if a set-based design or other 

collaborative design effort are utilized, they are effective when all relevant team members 

are ‘at the table’.  

Waste identification within blocks allows design process managers to focus on 

removing wasteful repetitive activities or at a minimum decoupling these wasteful 
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activities from the iterative work chunks to reduce their impact. An example of waste 

removal is illustrated in this case. In the traditional case, the activity sequence of 

preparing bid estimates and take-off was included in a loop tying detailing with requests 

for information impacting the design. This activity sequence is shown within a type A 

loop in Figure 5.5 and outside the loops in Figure 5.4. By reducing the dependence 

between detailing and requests for information, the waste is isolated and wasteful 

activities are not repeated.  

Furthermore, in the early steel contractor award, option 1, the competitive bid process 

itself is entirely removed, leaving a more efficient delivery process. The trade-off to 

removing the bid activities is the award of contract by negotiation rather than competitive 

bid. This trade-off has a negative connotation among owners looking to obtain the lowest 

price for steel fabrication by locally optimizing (reducing) costs at bid. Contrary to this 

perception, negotiated prices in the steel building environment do not vary substantially 

from those of competitive bid because there are relatively few (6-7) fabricators capable of 

delivering this project. The low number of fabricators effectively reduces competition 

during the bid process and minimizes negative impacts of the early award option. 

5.7 CONCLUSIONS AND COMPARISON WITH THE PRIMARY CASE STUDY 

This case study demonstrates the effective implementation of the DSM methodology on 

an AEC industry project. The translation of VSMs to DSMs and swim-lane diagrams 

proved similar to the implementation process documented in Chapter 4. The DSM 

representation provided valuable insights into iterative work chunks, allowing for optimal 

rearrangement during process improvement efforts. In both cases, the derived DSMs 

identified the network or constellations dependence within the activity domain. 
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Furthermore, those forms of dependence identified by the DSM as critical to the process 

structure, reflected the practitioners understanding of iteration tendencies within the 

system. 
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6.1 RESEARCH FINDINGS 

The observation, generation, and extension of TFV theory was accomplished through 

“proof of concept” experimentation. A response to the direct research questions is 

provided next. The questions are ordered as presented in Chapter 1. Additional findings 

are discussed in detail later in this chapter. 

6.1.1 Response to Research Questions 

Q1. Can DSM be applied in AEC design work?  

• Yes. The two case studies presented are evidence of the feasibility of DSM 

implementation on AEC projects. The development and implementation process 

was not overly burdensome and practitioners appeared interested in gaining a 

deeper understanding of their own processes. Much of the observed 

implementation process is similar to reverse phase scheduling practices that lean 

practitioners implement today. DSM provides a benefit on top of reverse phase 

scheduling because it identifies potential iterative loops that linear schedules are 

incapable of representing. Apparent barriers exist however in the interpretation of 

the DSM matrices themselves. Some practitioners struggled to translate the 

relevance of matrix blocks to design process execution and iteration. To overcome 

such barriers, swim-lane diagrams applied in conjunction with DSM help 

practitioners decode iterative blocks from the process perspective. Swim-lane 

diagrams also highlight the importance of recognizing repetitive hand-offs within 

iterative blocks. 
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Q2. How does this tool address transformation (work structuring assignment) 

considerations in the design process?  

• DSM addresses transformation considerations during the early stages of the 

implementation process. Activity definitions and assignments are greatly 

improved during ‘brainstorming sessions’ because they are focused on the 

production of design information rather than on specific contractual (owner) 

deliverables. This leads to a finer granularity of task definition and a clearer 

description of intermediate processing actions that make the design process easier 

to manage (i.e., plan and control). In the context of discussing dependencies in 

design, activities are broken down to a finer level because of the need to map 

dependencies between team members rather than just the deliverable to the owner. 

Q3. How does this tool address information flow (process) considerations in the design 

process? 

• The DSM methodology enhanced the design team’s understanding of information 

exchanges throughout the process. Inter- and intra-team information exchanges 

were identified and discussed in terms of level of completeness (how complete), 

maturity (how far along in design), batch size (quantity of sketches or 

parameters), criticality (level of dependence between information and associated 

activities), and reliability (likelihood of change by owner or team members).  

• The use of DSM produced an optimized sequence with a minimized number of 

activities clustered in iterative blocks. This lowered to an irreducible minimum 

the number of activities required to resolve a ‘knot’ or highly-dependent cluster of 

design activities. 
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• DSM identified linear and non-linear portions of design. This allowed team 

management the opportunity to strategically apply collocation, brainstorming, set-

based design strategies, and collaborative design tools to resolve complex 

portions of design.  

Q4. How does this tool address owner and team member value considerations in the 

design process? 

• DSM enhances value delivery to the owner by illuminating interdependence 

between competing objectives. This affords designers an opportunity to compare 

competing solutions across multiple domains and understand value trade-offs. 

• DSM also addresses owner and team member value considerations by aligning 

team iterative efforts with owner criteria and objectives. This alignment focuses 

planned rework on efforts that contribute to an enhanced intermediate (those 

required by team members for collaborative work) and final work packages (those 

required by the owner to facilitate design). The attributes of value-enhanced 

intermediate packages are clearer transmission of information with sharper 

understanding of the reliability and maturity of information exchange and less 

opportunity for misinterpretation. 

• DSM greatly improved team perceptions of iteration in design. By creating a 

common language to discuss rework, the team was able to identify the benefits 

and necessity of value-adding iteration. This allowed the team to overcome the 

common misconception in AEC projects that the majority of rework is negative 

and that entirely linear processes are advantageous, provided necessary design 

information is obtained. 
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Q5. What are the qualitative impacts of  tool implementation on the cost, quality, and 

schedule of the design phase and entire project? 

• The most notable impact was that the design ‘matured’ much faster than it would 

have using the traditional approach. The drawings showed a greater degree of 

coordination in earlier phases. Issues involving inter-disciplinary conflict were 

addressed earlier. Design costs were not appreciably impacted, however the rate 

of expenditure was front loaded to earlier portions of design. 

Q6. Is this tool theoretically tied to other potential applications? 

• Yes, the information captured in the DSM matrix itself provides a ‘dependence’ 

view of activity blocks. This represents a single view of the design process and is 

complemented by additional views including: 1) cost-loaded work breakdown 

structures that identify responsible team members and allocated resources,          

2) Gantt charts that introduce the time-domain view, 3) cross-functional process 

diagrams that also illustrate responsible team members in addition to 

demonstrating design process information hand-offs, and 4) design process maps 

that show the direction of dependence and illustrate the number of dependencies 

per activity.   

Q7. In general, how is the tool applied?  

• The implementation methodology is documented in the Chapter 4 sub-section 

titled “Observations: DSM Implementation Process.” 
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Q8. What resources are required to implement the tool?  What is the cost of these 

resources and how are they funded? 

• It was observed in the B511 case study that it took about 60 hours and 3 weeks of 

senior engineering effort to support an initial DSM implementation. This was split 

between design management representing the owner and design management 

representing the consultant team. It is estimated that this time would be cut in half 

on subsequent DSM efforts. In the primary case study, DSM was funded by the 

owner. However the rationale exists for consultant teams to market this enhanced 

planning technique as a value enhancing service. DSM also has the potential for 

use in justifying design services (by designers proposing to owners) because it 

visually presents related blocks of activities associated with rework. This could be 

potentially useful when justifying additional costs for owner changes. 

Q9. Do organizational barriers impact implementation? In what manner? 

• Organizational barriers do impact work structuring efforts highlighted by DSM in 

design planning. In the primary case study, the consultant design manager 

remarked that work assignments based on team capabilities and the potential to be 

re-called to the job after task completion was hampered by pre-existing 

contractual arrangements. These contractual arrangements assigned tasks and the 

production of deliverables to team members, before the DSM-optimized process 

was established. Significant effort was required to modify contracts to facilitate 

the optimized process. 
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Q10. Which members of the design team and production system are most involved in 

DSM use and what is the nature of their involvement? 

• Each of the functional leaders within the design team are required to participate in 

preparation of the DSM model. This effort includes participation in preliminary 

brainstorming sessions, producing activity and information flow lists, and 

discussing the interpretation of optimized block matrix representations.  

Q11. What conversations are facilitated at internal design coordination meetings and 

owner’s representative meetings?  

• During the primary case study, DSM stimulated the debate surrounding rework in 

design. The discussion occurred throughout the process with all parties agreeing, 

in the end, that positive iteration was required to produce a quality design. 

• The contents and format of information exchange was facilitated during the DSM 

implementation. 

Q12. Who leads the tool implementation?  What are the necessary skills of this leader? 

• In the presented case studies, the design manager (a responsibility shared between 

the owner and consultant team) took the lead role in DSM implementation. 

Requisite skills for this role include an understanding of matrix representations, 

the technical challenges at the heart of the design problem, and a willingness to 

explore the role of positive iteration in design. 
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Q13. What opportunities arise for institutional learning during the application of this 

tool? 

• DSM implementation on multiple projects within an organization offers the 

opportunity to collect common ‘structures’ within activity domains. ADePT has 

already shown the advantages of this approach, by collecting a vast library of 

structures that map to specific types of projects. 

• An organization benefits from the shared recognition of iteration within design 

organizations. Culturally, this can shift opinions toward positive iteration in 

design and can enhance project performance. 

• Greater understanding of the systematic impact of negative iteration provides an 

incentive for team members to improve the quality of their work and hand-offs 

(e.g., increase the reliability of their promises) so as to avoid the rework and 

associated frustrations it causes. 

• By highlighting common information exchanges between design groups and 

organizations, institutions can structure themselves to facilitate flow and delivery. 

6.2 THEORETICAL OBSERVATIONS 

6.2.1 Transformation: Work Structuring View 

• DSM illustrates the impacts of work structuring (activity assignment and 

definition) on flow and value constellations within AEC projects. 

• Localized activity definition attributes including definition, batch size, level of 

quality, and level of completeness can influence dependence relationships 

throughout the entire process network. 
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• When assigning activities to team members with similar capabilities, DSM allows 

for strategic assignment to organizations that are likely to participate in iterative 

loops, thus reducing the need for call-back to the project. 

6.2.2 Flow: Process View 

• The DSM implementation process supports the refinement of information 

exchange expectations including content and format. It also facilitates discussions 

regarding performance expectations and deliverable quality between team 

members.  

• The use of DSM sharpened the team understanding of activity duration. It was 

observed that the durations assigned through traditional approaches tend to hide 

the time associated with activity iteration in ‘conservative’ estimates of design 

time. Murphy’s law then should have it that activities use up all the assigned time 

-if not more- even when iteration is not needed. With the DSM approach, actual 

activity durations are assigned and multiple iterations are shown, based on their 

inclusion within blocks, on the planning schedule. 

• The idealized DSM representation for AEC projects consists of a linear ‘string’ of 

activities interspersed with periodic knots. These knots are most effective when 

they include representatives from all project stakeholders. Exclusion of 

stakeholders participation in these loops, increases the likelihood of future 

rework. 

6.2.3 Value: Value View 

• DSM supports team alignment in value delivery efforts by highlighting which 

team members are likely to participate in design refinement work chunks. In 
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doing so, management can structure the process to include all necessary team 

members during value adding blocks. 

• DSM helps identify activity clusters within a complex project that can benefit 

from collaborative design tools, set-based design strategies, or collocated team 

efforts. 

• The DSM matrix representation highlights activities that are likely associated with 

iterative work chunks. In doing so, the management team can promote clustering 

repetitive activities that build value and removing those that contribute to waste. 

This allows design process adjustment to decouple non-value adding repetitive 

activities from iterative work chunks. By separating wasteful effort from the loop, 

wasteful contributions are minimized. By removing the step altogether, the waste 

is altogether eliminated.   

6.3 RECOMMENDATIONS 

6.3.1 Suggested Best Practice for DSM 

• Apply the DSM methodology prior to negotiating or bidding contracts to allow 

flexibility in activity definition and work assignments. 

• Perform DSM with integrated project team, preferably with the individual 

engineers and architects that will comprise the project team. 

• Preserve/standardize design processes within organizations to promote 

institutional learning. Maintain a historical DSM database to establish a ‘typical’ 

starting point for dependence assignment. 
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6.3.2 DSM Application Tool Recommendations 

The commercially available DSM sequencing software (ADePTTM) implemented during 

this research had several outstanding features including: graphical user interface for data 

entry, relative strength of dependence capabilities, the ability to sequence around stronger 

or weaker forms of dependence, the ability to output directly to CPM software, color 

displays of the DSM graphics, and the ability to manually adjust the sequence after 

optimization. 

To our knowledge, several capabilities are not available in current commercial 

software but would substantially increase their effectiveness including: real-time CPM 

diagrams that are color-coded to match the DSM display, real-time swim-lane process 

diagrams color-coded to match the DSM display, color coded graphical representations 

illustrating activity dependence, VSM capabilities, and standardized ‘process templates’ 

for use as a starting point when developing models from scratch.  

6.3.3 Actionable Design Management Goals 

This dissertation develops actionable design process goals rooted in DTM. These goals 

reflect suggested opportunities for performance-enhancing design process initiatives to be 

utilized by practitioners. They also provide a roadmap of  performance-enhancing 

activities that may be observed during research. Table 6.1a and 6.1b show the actionable 

design goals for design process improvement. The goals show that work structuring and 

management controls are primary components of lean systems. They also provide 

preliminary evidence and guidance for theory-based findings during experimentation. 

Goals are developed to extend theory from the application of principles.
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TFV Production Philosophy View Category Actionable Goal 
Transformation Flow Value 

Define all necessary activities. Screen out 
wasteful effort. 

Reduce necessary information hand-offs. Promote systemic learning, planning with work 
structuring in mind allows for future evaluation 
and learning based on this concept. 

Assign the most efficient design resources to 
activities. 

Reduce lead time. Cluster expertise to enable an aggregate 
conceptualization of value. (Is there added value 
to the assembly?) 

Assign activities in manner that reduces impacts 
of variation. 

Optimize information hand-offs. Delay to the last responsible moment 
downstream process designs to engage more 
players in production optimization. 

Reduce the number of necessary designers and 
design activities. 

Cluster expertise to eliminate challenging 
information hand-offs. 

Pull expertise to “design in” future process 
design flexibility. Limit imposed constraints on 
subsequent design phases. 

Reduce the overall cost of design. Coordinate the production rates of designers and 
design disciplines. 

Align production-system team values with those 
of owner over the life-cycle of the project. 

 Pull design information. Arrange sequence so 
that the completion of activity and release of 
information immediately enables downstream 
activities. 

 

 Pursue process simplification to increase 
transparency of information flows and quality. 

 

 Consider external resource needs including 
information from owner. 

 

 Reduce batch sizes of information transferred.  

Optimize Work Structuring: Who performs 
defined activities in a given sequence. 

 Explicitly consider the need for iteration.  
Match contracts to suit production-system 
requirements. 

 Reduce barriers to information exchange based 
on IFOA contract. Optimize this exchange based 
on system requirements, not assigned liability. 

Assign activities to those parties most able to 
effectively deliver product or service based on 
overall team performance, not traditional 
liability assignment. 

Map activities and deliverables against 
fulfillment of objective requirements. 

Plan to consider subjective comparison of 
alternate concepts at meaningful intervals. 

Allow opportunity for value growth based on 
new or alternative concepts. Sharpen the 
matching between user criteria and design 
conceptualization. 

  Simplify criteria and corresponding design 
concept to make value more transparent. 

Planning 

User needs and project criteria conversation: 
Engage in conversation with owner on project 
goals, definition and criteria. Categorize 
criteria into objective and subjective 
requirements. 

  Explicitly consider user needs and criteria for 
each life-cycle phase of the project. 

 

Table 6.1a: Actionable Goals in Design Management 
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TFV Production Philosophy View Category Actionable Goal 
Transformation Flow Value 

Increase designer efficiency with supportive 
tools. 

Increase coordination efficiency and quality 
with digital information transfer. 

Provide rapid prototyping capabilities to assist 
owner value understanding and recognition. 

 Allow for smaller batch sizes with frequent 
information exchanges. 

Allows for comparative evaluation of alternative 
concepts. 

Implement new modeling or information 
sharing technologies. (BIM, virtual design 
space or 3-D field laser surveys.) 

 Facilitate error detection and tolerance 
evaluation with 3-D representations. 

Reduce wasteful intermediate steps like 
“progress printing” or “coordination sets.” 

Consider multiple, set based solutions.   Increase the richness of solution by considering 
multiple competing concepts. 

Provide rapid evaluation of concepts against 
objective criteria (estimating, code checking, 
and performance engineering). 

 Reduce necessary rework related to departures 
from objective criteria. 

Provide real-time objective feedback allowing 
for re-alignment with criteria. 

   Allow for timely criteria adjustment. 
Match designer and firm expertise to activity. Increase designer efficiency due to familiarity 

with subject. 
Limit rework due to in-experience. Increase quality of the solution by applying 

design expertise. 
Employ concept selection tools.   Increase quality of solution through generating 

additional concepts and comparing subjective 
qualities. 

Re-allocate resources based on realized 
efficiencies. 

Match throughput of designers or groups based 
on realized rates. 

Provide segmental solution allowing for user 
insights on final concept and value. 

Execution 

Piecewise design or first run study. 

 Optimize hand-offs between designers and 
disciplines. 

 

Re-allocate resources to under performing 
activities. 

Identify and correct excessive variation in the 
design process contributing to unplanned work. 

Increase value and reduce waste. Identify and 
resolve unplanned work resulting from 
execution variation or poor planning. 

  Learn from plan/execution management 
shortcomings and implement corrections in the 
future. 

Manage unplanned work. 

  Screen unplanned work to promote positive 
additional work and limit unnecessary waste. 

 Use constraints screening to increase the 
reliability of weekly work plan. 

Learn in a relevant and timely manner. Adjust 
work in look-ahead window to succeed. 

 Maintain backlog of viable work.   
 Quickly resolve design disruptions.  

Institute Last PlannerTM  reliable planning. 

 Decrease the duration of unnecessary buffers 
related to concern over false delivery promises. 
Reduce lead times accordingly. 

 

Check work frequently, in small batches.  Reduce unplanned rework. Increases quality. 

Control 

Engage external reviewers in small batches 
with contents appropriate to design maturity. 

 Shorten design reviews and limit rework. Plan external reviews so input can be reasonably 
incorporated in design. 

Table 6.1b: Actionable Goals in Design Management (Cont.)
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6.4 LITERATURE AND PROFESSIONAL CONTRIBUTIONS 

This dissertation will contribute to the extension of design and production theory within 

the AEC industry. It will also provide insights into the practical deployment of design 

applications within temporary project-production systems. Research findings have been 

disseminated to academics and practitioners through the International Group for Lean 

Construction, the American Society of Civil Engineers (Journals and Conferences), and 

the Journal of Research in Engineering Design. It has also been distributed through 

academic presentations at UC Berkeley and industry engagements through the Project 

Production Systems Laboratory (http://p2sl.berkeley.edu) and the Lean Construction 

Institute (http://www.leanconstruction.org) as follows: 

• Tuholski, S. and Low, W. (2008).“ Lean Design Tools: DSM and BIM” 
Presentation to Lean Design Forum, Joint Lean Construction Institute and P2SL 
Meetingt. Project Production Systems Laboratory, University of California at 
Berkeley, January 10. 

• Tuholski, S. (2008).“Value Constellations in AEC Projects” Presentation to 
CE290N, Lean Construction and Supply Chain Management. University of 
California at Berkeley, April 24. 

• Tuholski, S. (2008).“Lean Thinking, A Systematic Approach to Improvement” 
Presentation to Department of Energy, EFCOG Conference. Lawrence Livermore 
National Laboratory, July 21. 

• Tuholski, S. (2008).“Value Constellations in AEC Projects” Presentation to the 
Lean Coordinator’s Meeting. Lean Construction Institute Nor Cal Chapter, 
August 6. 

• Tuholski, S. (2008).“ Lean Design Tools: DSM and BIM” Presentation to Lean 
Design Forum, Joint Lean Construction Institute and P2SL Meetingt. Project 
Production Systems Laboratory, University of California at Berkeley, January 10. 

• Tuholski, S. (2008).“T-F-V Constellations in AEC Projects” Presentation to the 
Cathedral Hill Project Team. Boldt/Herrero Joint Venture, October 9. 

These presentations have stimulated a previously dormant interest in the use of DSM 

within AEC in support of the design and set-based planning of complex hospital projects. 
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6.5 FUTURE RESEARCH IN AEC PRODUCTION THEORY 

Research to advance AEC production theory is relatively new and evolving. Accordingly, 

this theory is evolving and many opportunities exist for further theoretical advancement. 

6.5.1 TFV Extension: Generalized MDM Formulation 

The current conceptualization of ‘Lean’ management theory embraces three separate, but 

mutually dependent views on AEC: transformation, flow, and value. A pressing future 

research need is to formalize the inter-connection between these views to deepen 

understanding of their mutual dependence. One promising tool in this regard is the use of 

multiple domain matrices (MDM) to represent the components as shown in Figure 6.1. 

Future research at the University of California, at Berkeley, conducted by researchers in 

the  Project Production Systems Laboratory will focus  on developing the MDM 

representation of the LPDSTM as was shown in Figure 1.1. This work is challenging 

because of the variety of domains encompassed by the system including project 

definition, lean design, information, lean supply, lean assembly, use, and material. 

Opportunity also exists to include the organizational arrangement in this representation. 
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Figure 6.1: Proposed LPDSTM MDM Representation 

Each domain of the LPDSTM has components related to TFV, however the relevance 

of the components is dictated by position within the production system. The center three 

triangles at the core of the LPDSTM represent the design and construction activities. These 

relate to the primary transformation elements of the production system and are 

represented by activity-based DSMs. The project definition and use domains bound the 

core design and construction activities. Alignment of the definition and use is central to 
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the value proposition of the project and are represented by component based DSMs. 

Information and material DSMs represent the production flows of design and construction 

respectively.  Dependency types identified within this model are activity precedence, 

kinematic, geometric, and functional. DMMs populate the remainder of the MDM model 

and establish relationships between domains.  

Future MDM research offers the opportunity to map the inter-dependence between 

these domains. It also offers the possibility of optimizing the system across the three 

distinct views. Finally, the MDM representation will facilitate the mapping of present 

versus future domain arrangement to drive improvement across AEC project delivery 

systems. 

6.5.2 Extended DSM Case Studies 

Opportunity exists to extend the theoretical understanding of DSM implementation 

within AEC projects. This includes learning from additional case studies considering 

cost, project risk, schedule, and quality impacts related to the DSM tool. More research is 

also required to understand the complex interactions between team members within 

iterative blocks. The goal is to develop a set of design tools that are deployed to support 

the most efficient development of challenging design issues. Additional research is also 

required on high-tech research and development projects where the design process itself 

is ill-defined at the outset.   

6.5.3 Rework in Design Research 

A great deal of additional research in the field of design iteration (planned and unplanned 

rework) is required. The case studies described in this dissertation highlight the 

importance of 1) managing the arranged process and 2) identifying work that was not 
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originally considered in the process. Unplanned work has three general root-cause 

classifications as proposed in the Ishikawa diagram presented as Figure 6.2. This 

classification system is rooted in the insights gained into the process characteristics of 

design activities.  

The upper leg of the diagram describes unplanned work attributed to process 

variability.  This form of rework is managed during the execution of a project and is 

directly related to ‘process control.’ The middle leg occurs due to ‘Acts of God.’ This 

form of rework is managed in consultation with the owner to the extent possible.  The 

bottom leg is due to changes in the original design process (for beneficial or negative) 

purposes.  This form of rework is managed in the planning of processes. This 

classification may allow for the future collection of design metrics related to planned and 

total work in the context of process management, scope management, and design process 

planning.
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Figure 6.2: Proposed Design Rework Classification
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6.6 FUTURE RESEARCH IN MANUFACTURING AND NEW PRODUCT DEVELOPMENT 

Many of the observations noted during this research have relevance in the manufacturing 

and new product development fields. Insights gained into iteration in design, repetitive 

information hand-offs, and value generation are particularly meaningful. The most 

significant insights are those into the relationship between set-based design strategies and 

DSM as discussed next. 

6.6.1 Set-Based Design Assisted by DSM 

Throughout this dissertation, set-based design is referenced as a means of approaching 

complex work blocks. A challenge to the implementation of set-based strategies on large 

problems or blocks is the work planning process. Which activities are required to prepare 

a set that is described adequately for comparison with others? It is relatively simple to 

identify the activities that output information required for direct comparison. For 

instance, if floor vibration is a critical parameter for comparison, output from the floor 

analysis provides a means for comparison. But the question remains, which activities are 

required to perform a meaningful analysis? The author proposes activity dependence 

networks assembled while applying the DSM methodology are a means of planning set-

based design. If DSM activities are decomposed by system description, sub-system, and 

components, a designer can identify activities with critical outputs and the network of 

associated dependent activities. Work planning during set-based design is then optimized 

by identifying activities insensitive to assumption so the minimum effort is expended to 

generate sets for meaningful comparison. 
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6.7 CONCLUSION 

Research presented in this dissertation applied a design-planning tool common to the 

fields manufacturing and new product development to AEC production-system planning. 

The results of this research demonstrate DSM provides real benefits to the design-

planning process. Future work to extend the understanding of this tool, similar tools, and 

the underlying formal theory are needed to realize real performance improvements in the 

design process. Significant opportunities remain to improve our understanding of the 

TFV constellations underpinning all design projects, in the AEC and industries beyond. 
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APPENDIX A – B511 ACTIVITY DEFINITION AND 
INFORMATION EXCHANGE
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The activities identified in the LLNL Building 511 case study are defined below. 

Information outputs (description and format) from each activity are itemized under each 

activity definition. The descriptions are arranged by WBS as follows. 

A.1. DEGENKOLB DESIGN MANAGEMENT 

A1.1 Prepare Background REVIT Model: Develop functioning structural 3-D computer 

model of structure using REVIT software and existing drawings. 

• Existing Framing member sizes and geometry in 3-D digital format. (REVIT) 

A1.2 Prepare Schedule: Develop a team project schedule.  Identify tasks and determine 

predecessor information.  Input task-based schedule with predecessors into ADePT 

and optimize.  Produce optimized schedule for project use. 

• Activity list with precedents. (EXCEL) 

• DSM matrix representation of activities. (ADePT Software) 

• CPM Representation of Schedule (MS Project) 

A1.3 Provide Response to 35% Design Review:  Provide written response to LLNL that 

design review comments have been incorporated or addressed in the construction 

documents. 

• Validation of 35% comment incorporation. (MS Word) 

A1.4 Develop Basis of Design Document:  Produce a written document that establishes 

the criteria required of the design. 

• Code basis/reference for all design disciplines. (MS Word) 

• Analytical evaluation methodology for structural and mechanical designs. (MS 

Word) 
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A.2. LLNL DESIGN MANAGEMENT 

A2.1 LLNL 35% Design Review:  Perform a design review of the 35% design documents 

for Code compliance, LLNL functionality requirements, etc. 

• Comments/critique of structural design. (MS Word) 

• Comments/critique of MEP design. (MS Word) 

• Comments on TCC estimate. (MS Word) 

A2.2 Prepare Geotechnical Design Information:  Collect previously prepared 

geotechnical investigation data for use of design team. 

• Design soil strength and stiffness for foundations derived from existing adjacent 

building reports. (MS Word) 

 A2.3 Collect As-built Drawings: Collect original design drawings and subsequent 

building modification project drawings for use of design team. 

• Existing framing member sizes and configuration. (Existing Drawings) 

• Existing MEP equipment utility run configuration, description, and function. 

(Existing Drawings) 

A2.4 Perform Underground Survey:  Have LLNL site utility team perform a site survey 

in the proposed affected areas for identification of underground utilities such as 

conduits, pipes, cisterns, etc. 

• Marking denoting general identification and location of utilities. (Field markings 

on SOG) 

A2.5 Prepare Lab TPC Report: LLNL estimators prepare a total project cost report that 

includes construction, subcontractor, and internal support costs. 

• Fully burdened, taxed, and supported estimate of total project cost. (EXCEL) 



 

 239 

2.6 Prepare Programmatic Impact Input/Feedback:  Prepare feedback document that lists 

and explains the impact on programmatic functions both during (short term) and after 

(long term) of the proposed design. 

• Prioritization and feasibility of identified impacts.(MS Word) 

A2.6 Shop Identification of Impacted MEP Systems: Prepare feedback document that 

lists and explains the impact on building MEP systems both during (short term) and 

after (long term) of the proposed design. 

• List of impacts associated with utility disruptions.(MS Word) 

B.1. DEGENKOLB STRUCTURAL ENGINEERING 

B1.1 Global Structural Calculations: Produce record structural calculations that support 

the design based on the design criteria. 

• List of existing element deficiencies. (MS Word) 

• General description of retrofit requirements. (MS Word) 

• Estimated demand/capacity ratios and deflections for existing components. (SAP 

2000, etc. and MS Word) 

B1.2 Identify and Develop Retrofit Schemes:  Prepare possible retrofit systems and 

layouts for the seismic strengthening. 

• General layout and required components. (ie., steel frames, foundations, collectors 

@ roof lines, and load transfer in transverse direction.) (Sketch) 

• Verify Adequacy of seismic performance for retrofit concept. (SAP 2000 and MS 

Word) 

B1.3 Develop BIM Structural Model:  Combine 3-D physical models of structural and 

mechanical systems into one model for use by the design team. 
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• Digital representation of existing framing member sizes and configuration. 

REVIT) 

B1.4 Overall Design of High Bay Frames: Perimeter and Interior:  Design main lateral 

load-resisting system in the building high bay area. 

• Frame and collector locations, sizes and configuration. General connection 

geometry and construction. (Sketch and REVIT) 

• Foundation type, rough sizes, and estimated reinforcement. (Sketch and REVIT) 

• Calculations showing demand/capacity ratios of braces, columns, collectors 

foundations. (SAP 2000 and EXCEL) 

B1.5 See above. 

B1.6 Detail Design of Transfer Columns, Collectors, Foundations:  Design subsystem 

portions integral to the design of the main lateral load-resisting elements. 

• Connection details for transfer columns, collectors, and foundations. (Sketch) 

• Calculations for transfer columns, collectors, foundations including 

demand/capacity ratios for welds, bolts, connection plates, anchors, rebar, etc. 

(EXCEL and hand calculation) 

B1.7 See above. 

B1.8 See above. 

B1.9 Prepare 35% Structural Drawings:  Produce progress construction drawings for 

review by LLNL and for preparation of construction estimate. 

• Plans, sections, elevations derived from REVIT model. (Drawings) 

• Details (Drawings) 
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B1.10 Incorporate 35% Comments:  Incorporate LLNL design review comments into 

project documents. 

• Updated drawings incorporating LLNL critique and comments. 

B.2. OPTIRA SCANNING 

B2.1 Perform Laser Survey: Perform laser survey of existing building interior – full 

length of high bay. 

• Digital point cloud data sets, field collected. (Digital) 

B2.2 Process Data Clouds:  Use post-processing software to turn data points (point cloud) 

into viewable files. 

• Integrated point cloud data sets. (Cyclone) 

• Digital photos over-layed on cloud data. (True View in Cyclone) 

B2.3 Populate BIM Model:  Add building system and structural information to viewable 

files developed from point cloud, i.e., what is a structural member, what type of 

member, material, size, function, etc. 

• 3-D CAD file of (e) MEP sizes and geometry in activity zones. (Auto CAD 3-D) 

• 3-D CAD file of truss to column geometry to check as-built geometry and 

dimensions with existing drawing information. 

B.3. AEI MECHANICAL ENGINEERING 

A3.1 Review As-builts:  Perform in-house review of MEP drawings to understand 

building MEP systems. 

• Existing utility functions. (Drawings) 

• Existing utility sizes and geometries. (Drawings) 
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A3.2 Site Survey:  Visit site to verify existing drawing information versus in-place 

building systems. 

• Understanding of typical MEP/structure conflicts and congestion. (Photos and 

notes.) 

• Validation of as-built drawings. (Photos and notes.) 

A3.3 Develop Existing MEP Systems Model:  Develop building system drawing sketches. 

• Systems understanding of utility runs. (Sketch) 

A3.4 Complete Existing BIM Model:  Use computer model developed by Optira and 

existing building drawings and as-built review to develop computer model of building 

MEP systems. 

• Complete (e) MEP sizes and geometries in activity zones. (3-D CAD) 

A3.5 Populate Intelligence in (e) BIM Model:  Add pertinent information to 3-D 

computer model regarding mechanical systems, i.e. functions of pipes and conduits. 

• (E) MEP functions in utility zones. (BIM Model) 

A3.6 Develop MEP Impact Matrix and Narrative:  Develop document that identifies 

impacts of proposed work on mechanical systems during and after construction. 

• MEP impacts associated with conflicts. (MS Word and EXCEL) 

A3.7 Design MEP Alterations Concepts:  Develop document that describes proposed 

modifications to MEP systems to accommodate seismic retrofit elements. 

• MEP alteration schematic geometries and process. (MS Word and sketches) 

A3.8 Prepare 35% MEP Submittal Drawings: Produce progress construction drawings for 

review by LLNL and for preparation of construction estimate. 

• MEP alterations configurations and details. (Drawings) 
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A3.9 Incorporate 35% MEP Review Comments: Incorporate LLNL design review 

comments into project documents. 

• MEP alteration configuration and details with LLNL comments incorporated. 

B.4. DAVIS LANGDON COST ESTIMATING 

A4.1 Provide Rapid Estimate of Alternative Concepts:  Produce quick estimates of MEP 

alteration concepts for consideration by design team and LLNL. 

• Relative costs of alteration concepts. 

A4.2 Provide 35% Cost Report:  Develop construction cost estimate for use by LLNL 

estimators in development of total project cost report. 

• TCC estimate. 

A4.3 Incorporate 35% Review Comments:  Modify estimate as needed based on any 

modifications required as a result of LLNL design review. 

• TCC with incorporated comments. 
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APPENDIX B – B511 
MECHANICAL/ELECTRICAL/PLUMBING IMPACT 

MATRIX
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Degenkolb provided a mechanical/electrical/plumbing/and architectural impacts matrix 

as part of the 35% deliverables package. This matrix summarized the collateral impacts 

from the structural seismic work on building systems. Figure B.1 itemizes the impacts by 

discipline and location. The locations are keyed-off of the drawing package provided as 

Appendix C. Column ID refers to the column number and the middle of the bay impacts 

are located by framing line. Figures B.2 and B.3 document LLNL feedback regarding the 

feasibility of the itemized impacts.
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Figure B.1: Structural Impacts Matrix
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Figure B.2: LLNL Impacts Feasibility Feedback 
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Figure B.3: LLNL Impacts Feasibility Feedback (Cont.) 
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APPENDIX C – B511 100% FINAL DESIGN 
DRAWINGS



250 



 

 251 



 

 252 



 

 253 



 

 254 



 

 255 



 

 256 



 

 257 



 

 258 



 

 259 



 

 260 



 

 261 



 

 262 



 

 263 



 

 264 



 

 265 



 

 266 



 

 267 



 

 268 



 

 269 



 

 270 



 

 271 



 

 272 



 

 273 



 

 274 



275  



276 

 

 

 

 

 

 

 

 

 

 

 

End of Document 


