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ABSTRACT

This research is comprised of a detailed study of attribute management processes at a North
American Automotive OEM (NA OEM) that has just introduced a new product development
system intended to drastically reduce product cycle time and expedite product time to market. In
specifics, the product development processes and organization that manage the delivery of a
vehicle system design that meets or exceeds customer expectations for noise, vibration and
harshness (NVH) are studied. Systems engineering principles, methods and tools are applied to
the current processes to assess if process lead time, resources and product quality improvement
can be realized. The systems engineering Design Structure Matrix (DSM) method for product
development process modeling is applied to the current process used to manage the highly cross
functional vehicle attribute known as second order NVH. Second Order NVH represents a
vehicle system attribute that is owned by a single subsystem, yet controlled by design parameters
owned by many other subsystems. The DSM method enables the NA OEM PD organization to
understand the current process of managing this highly cross functional attribute and serves as a
powerful tool for process restructuring. Process data is collected such that the DSM process
model can be input into a simulation program which predicts stochastic process lead time for the
current process and tests the impact of process restructuring ideas. This research also studies the
methods and tools used at NA OEM to facilitate vehicle attribute trade-off, decomposition and
cascade to the subsystem and component level. Then, a systems engineering approach is
suggested to improve the attribute engineering knowledge base which could enable improved
attribute trade-off, decomposition and cascade.

Thesis Supervisor: Daniel E Whitney, PhD
Title: Senior Research Scientist, Center for Technology, Policy, & Industrial Development
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1. INTRODUCTION

1.1 Motivation

Over the past three decades the automotive competitive landscape in the U.S. has changed
drastically as market share has shifted from U.S. automakers to forei gn automakers. In the first
quarter of 2007, it was reported that the "big three," referrrng to GM, Ford, and the Chrysler
Group, barely held over 50% of the U.S. market share combined. In the first quarter of 2007,

- each of the big three NA OEMs saw an overall decline in t)oth U.S. sales and market share
compared to one year prior. In contrast, the large import OEMs, Toyota, Honda, Nissan, all saw

an increase-in U.S. sales and market share in 2007. [Teahen, 2007]

Global competition is forcing Automotive OEMs to rethink competitive strategies for all aspects -
of the value chain. Automotive OEMs are resizing the company to match diminishing market -
share, restructuring their operations, reshaping their supply chain, and striving for cost

competitive component pricing. However, the one area within these enterprises that has

tremendous potential to provide competitive advantage is their product development organization -

and processes. [Smith & Eppinger, 1997] After all, the Product Development organization
within OEMs is tasked with creating a product that meets or exceeds customer expectation, is
-delivered to the market on time and within budget and maximizes value to all stakeholders in the

automotive value chain. °

Currently, automotive OEMs are focused on reducing- the1r product development cycle time as

well as drastically.- cuttmg their work forces. In 2006, a top NA OEM executive declared:

..We're also speedmg our product development time-and i 1mprovmg time to market
between 30 and 50 percent by the end of 2008, And, in 2009 and beyond, the product

onslaught accelerates even further. .. We've reexammed our entire cycle plan, and we've .

accelerated work on future products. [Larkin, 2006}

In that same announcement, the OEM executive announced:
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...In line with this new reality, we will resize our business in North America. That
includes reducing our total annual operating costs by about $5 billion by the end of 2008.
As part of these cuts, we will reduce our salary-related costs by about a third, or about

14000 equivalent salaried positions. [Larkin, 2006]

~ Automotive companies are no longer afforded leisurely prbduct development cycle times where
products are conceived and brought to market in four or five years, often over budget. Nor can
automotive companies afford to allow quality issues to reach the customer. Today there is
tremendous "do or die" pressure to create higher quality products in less time with fewer
resources. It seems as if every aspect of this task defies the "iron triangle" where project
resources, timing and scope fight each other and the success of a project cannot be guaranteed if
these project dimensions are not carefully aligned and i;)alanced: [DeWeck, 2006] Thus, in order
to achieve success, automotive OEMs must look inwardly at their product development process
organization and ensure that all effort and time expended on product design add value to all

- stakeholders in the value chain. This means there is no room for waste in the product

. development process and the output of the product devélopmeni procésses must always meet or

exceed customer expectations.

One North American OEM, referred to as NA OEM throughout this thesis, has recently adopted
a new product development system, referred to as New PDS, éimed to significantly reduce
product cycle time from concept to launch. The reduction in product cycle time is achieved by a
reduction in the total number of prototype builds and aﬁ increase in concurrent engineering.
However, as the new leaner product development process is rolled out, some engineering
organizations within product development are finding difficulties meeting milestone deliverables

and timing.

One contributor to delayed product development milestones, budget run-overs, and quality issues
is the inability of some vehicle system and subsystem engineering organizations to produce a
design "on time" and within budget that meets vehicle level attribute objectives. Attributes are
detined as vehicle level quality inherent in the Shbsysterﬁ design and integfatidn.l Customers
_experience attributes as-either positive or negative. Negative attributes are commonly referred to

as error states. Attribute are further defined in section 3.3. In some cases, issues with vehicle
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attributes not meeting the customer defined objectives are allowed to occur as late as vehicle
launch. So, the question exists, how can an automotive OEM product development organization,
tasked with reducing both their product development cycle time and their resourees, deliver
vehicle designs on time with attributes that meet or exceed customer expectations? The use of
‘systems engineering principles, methods and tools within the product development organization
can play a significant role in enabling the vehicle system to meet attribute objectives as well as in

reducing total time and resources to deliver these designs.

1.2 Problem Statement

The automotive OEM's product development processes must yield a Vehicle_design that meete or
exceeds customer expectations. In addmon the vehicle design must be delivered to the customer
"on time" and the cost to produce that vehicle must be minimized. Ulrich and Eppmger define
five dimensions that characterize a successful product development effort. These five
dimensions are produot quality, product cost, development time, ‘development cost, and
development capability. If product development efforts are failing in any of the five dimensions _
defined by Ulrich and Eppinger, then the existing processes should ‘be carefully examined and

corrective actions taken. [Ulrich & Eppinger, 2004] .

In today's competitive environment, automotive OEMs ‘are finding it incr'easingly difficult to
deliver vehicles with inherent attributes that meet the customer's higﬁ demands. How does the
vehicle feel and sound when driven in all conditions? How many miles perrgallon does the
vehicle get? Vehicle attributes such as ride, handling, performance, eafety, sound quality, and
fuel economy can provide a competitive advantage for automotive compahies. The product
development. proce_sseslmust enable successful integration of 511 vehicle subsystems to cfeete a
vehicle with attributes that meet customer expectations. It is important to n'ote that competitors
) continually strive for vehicle designs that achieve attribute performance levels that ralse
customer expectations. Therefore, an OEM's product development system must also contmually

incorporate changing attribute targets.
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A systems engineering approach, holistically focused on improving the product development
processes and the organization, may help enable vehicle systems level attributes to meet
customer expectations on time and within budget. A systems engineering approach is needed
because the vehicle system can be considered complex with thousands of components that are
integrated into many subsystems which are then finally integrated into the final vehicle system.
These systems and subsystems are responsible for delivering the attributes. In some cases,
attributes are delivered by combinations of subsystems. Moreover, the integration of vehicle

. subsystems is not purely hierarchical as vehicles subsystems are not purely modular. Rather,
. vehicle subsystems have many" interfaces with energy, material and inforrnation flow. System
level attributes are extremely coupled. In addition, mass productlon of vehlcles adds another
- dimension of complexity. These complex systems must be rephcated at. hlgh volume and

“maintain predictable functionality and performance within manufacturing capabilities.

As a starting point, OEMs can focus on improving the delivery. of vehicle designs that affect

. "high impact" Vehicle attribhtes_ by using a systems engiheering ‘a'pproach to PD process and
organizational improvements. This thesis defines "hlgh lrnpact" vehicle attributes as those that
have historically caused issues at VthCle launch and are one of the top ten warranty issues for
high volume vehicles and attributes. 'High impact vehiclé attributes, such’ as noise, vibration and

4 harshness. (NVH), emerge as a result of how er(),se-functi()nal erigineering ofganizations design
and ihtegrate their subsystems into the total vehicle system. Attributes, sueh as NVH, can only
meet customer expectations if interfacing vehicle subsystems are designed and integrated
correctly and "on time." OEMs can first identify "high impact” attributes. Then, OEMs can
study the current processes used to trade-off, decompo_se aod cascadé attrii)ute taﬁ‘gets to the
systems van,d subsystems that deliver them and then deliver a"desigo that meets the targets for
those vehicle attribute. OEMs can use sysfefn engineering principles, -n_lethods and tools to
examine these attribute management and product development processes and deploy changes

- where requifed. Systems engineering principles can be used'\'mheﬁtréding.-off and decomposing

system level attribute targets into subsystem and component level targets. Also, system

| ehgineering process modeling methods, such as the.desi gn'stﬁxcturé ;matrix and associated

simulation tools, allow an orgamzatlon to understand thelr current ploduct development

processes at any chosen level of detall and propose and te@t 1mprovementq to thlS process.
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However, when focusing on a single or a few chosen attributes, the systems engineer must be

~ aware of attribute coupling and trade-off based on attribute prioritization.

1.3 Thesis Scope

This research tests the probosal described above by focusing on a single North American
Automotive Company, name not to be disclosed and to be referred as NA OEM. This research
focuses on the current product development processes and organizations that contribute to a
vehicle system design ‘fhat meets the attribute target for the attribute referred to as second order
noise, vibration and harshness (2" order NVH). 2™ order NVH has historically been
problematic at vehicle prototype builds and product launch. Moreover, 2™ order NVH currently
causes a high incidence of warranty claims. Data is collected on the current product, processes
and organization through a series of interviews with engineers and managers from multiple
organizations that affect 2" order NVH vehicle response. Also, interviews are held with internal
experts who adapted and deployed the new product development system recently introduced at
NA OEM. Current process and organizational documentation is also reviewed. Specific process
- information is collected to create a design structure matrix (DSM) that models the current
process flow for subsystem design, integrétion and delivery of a final vehicle design that meets
2" order NVH attribute targets. This process information includes a list of tasks, the associated
| deliverables and responsible engineering title, stochastic task times, probability of rework, task
sensitivity rating and information variability rating. This information is used to create a DSM
simulation model of the process and establish a baseline for totai development time. Then, the
DSM and the simulation are used in conjunction with additional inte_rviews with engineers to
establish process improvement ideas derived from a systéms engineering approach. The DSM
-process simulation model is used to determine the approximate p_ercent.imp.rovement that might
. be realized by the implementatioh of these ideas. Additionally, the concepts of attribute target
trade-off; owriership and cascading is discussed aﬁd systems engineering ihet_ﬁdds are suggested‘
to ensure that attributes are prioritized and traded-off against other attributes, owned by -
appropriate systems engineers armed with appropriate systems engineering tools and cascadcd to

and negotiated with subsystems.
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The purpose of this thesis is to serve as a template and framework for product development
organizations that desire to study an area of their product development process in detail in order
to improve product attributes and minimize product error states (negative attributes). The
systems engineering approach, presented in this thesis, is not limited to the automotive case

study presented in this thesis.

1.4 Thesis Content

Chapter 1: The first chapter of this thesis introduces thé motivating facts nehind the creation of
this thesis and presents a detailed pfoblern statement, scope and content description. The current
state of the North American automotive industry is discussed. An argument is presented for why
improved product development processes can provide a competitive advantage and how systems
engineering principles, methods and tools can be used to improve PD processes which will

ultimately lead to improved vehicle system level attributes.

Chapter 2: Presents an overview of literature that was reviewed for the creation of this thesis
work. Literature was reviewed from the fields of Systems Engineering, Systems Architecting,
Product Development, Product Development Process Improvement and Restructuring, The
‘Design Structure Matrix, Attribute Management, Attribute Decomposition and Knowledge

Management.

Chapter 3: This chapter provides an introduction to systems engineering and to system level
Attributes. Common issues found in systems engineering with attribute trade-off, decomposition

and cascade are discussed.

Chapter 4: An introduction to the thesis case study is presented. This chapter describes the
vehicle level attribute referred to as second order noise, vibration and harshness. Also, all
subsystems and corresponding subsystem engineering organizations that contribute to this

- vehicle level attri'bute are introduced and discussed. This chapter discusses why the preeesses

and organizations that control this attribute must be modeled, studied, and improved.
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* Chapter 5: This chapter introduces the Design Structure Matrix (DSM) process modeling
systems engineering method. The benefits that an activity based DSM can provide an
engineering organization are discussed. Then the method used to create a DSM model of the
current state of the product development processes used to deliver vehicle designs that meet
specific vehicle level attribute targets is discussed. Major DSM analysis concepts are discussed

and DSM terminology is defined here.

Chapter 6: This chapter presents the application of the design structure matrix system
engineering method to the thesis case study based on how engineering organizations within NA
OEM PD engineer and integrate subsystems that contribute to the high impact vehicle level
attribute knovvn as second order noise, vibration and harshness. First, the rationale for creating a
DSM that models the current second order NVH attribute management processes is discussed. A
history of issues found late in the design proc'ess as well as a high incidence of warranty claims
helps to classifyv this attribute as high impact. The DSM creation process is discussed and the
"As-Is" DSM is presented. InSights from the DSM creation process are presented. Then, DSMZ'
analysis techniques are used to create process improvement recommendations. These process
improvement recommerndations are consolidated into a new "to-be” DSM. Current excel macros
written to assess total process time using the DSM are used to evaluate the -approximate percent
improvement in product development time. Then a quahtatlve discussion is presented for how

the new process w111 1mprove product quahty

Chapter 7: In this section the current attribute target trade-off, ownership and control,
decomposition and cascading at NA OEM are discussed and a systems engmeenng approachto

attribute management improvement is proposed.

Chapter 8: Here general conclusions are presented about how systems engineering principles,
* methods and tools can help to improve the product development pro‘cesses and organizétion and
ultimately yield a higher quality product in less time. Process and organizational .

recommendations are presented. Future areas of research are discussed.
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2. LITERATURE REVIEW

2.1 Product Development Organization and Processes

In their book, Product Design and Development, Karl T. Ulrich and Steven D. Eppinger explore
the fundamentals of product development processes. They discuss the characteristics of a
successful product development process. They maintain a holistic view of the product
development process by discussing the participation of all core functions within a firm. The
challenges of product development are explored They stress the importance of cross
disciplinary communication and decision ma.kmg Fmally they present a useful framework for
firms of all sizes that are developing any type of product. The framework cons1sts of a structured
method for completing product development, activities as well as useful templates for major

product development decision making activities. [Ulrleh & Eppinger, 2004]

James Morgan and Jeffrey Liker present a detailed account of the inner Workings of Toyota's
Product Development Organization and Processes in The Toyota Product Development System.
They discuss the key aspects of Toyota's Product Development system that have enabled Toyota
to expedite its product development cycle time beyond its competitors as well as maintain level
of product quality above most competitors. ‘Morgan and Liker focus on value stream mapping as
a vital tool for the product development improvement process. Toyota applies lean principles to
product development where the product that is transferred throughout the process is information.
Toyota focuses at the highest level, on improving the entire product development value chain as
opposed to low level local optimization. There is tremendous focus on the application of
common system architecture and prineiples of reuse. Moreover, Toyota stresses the necessity for
design activity discipline to get the design work done early in the process. Toyota stresses that
upper management need to create an organization and environment that enables a successful

product development process. [Morgan & Liker, 2006}
Steven D. Eppinger, Krishnan Viswanathan, Daniel E. Whitney, Robert P. Srnith and Tyson R.

Browning have completed extensive work in the area of Product Development The1r work

stresses the impact that a firm's produtt development organlzatlon and processes have on the
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firm’s overall competitiveness. In their many published papers, they explore principles, methods
and tools for improving a firm's product development organization and processes. Robert P.
Smith publishes a study that better defines iteration in product development. [Smith, 1998]
Smith and Morrow publish a critique of product development process modeling. [Smith &
Morrow, 1999]

2.2 Systém_s Engineering, Design Sti'ucturé Matrix and Attribute Management

Systems engineering is a developing field of engineering. However, many insightful resources
on the topic of Systems Engineering exist. The international council on systems engineering
(INCOSE) offers the latest information and developments in the field of systems engineering.
INCOSE has developed and maintains the "Guide to the Systems Engineering Body of
Knowledge" also known as the "G2SEBoK." This Guide is available online as a resource for
understanding the practice of Systems Engine;aring. The INCOSE website is also home to the
Systems Engineering Tool Database. This database contains a searchable catalog of all tools that

_may assist in systems engineering problems. [INCOSE, 2007]

In addition to INCOSE resources, the US Department of Defense (DoD) has created a guide to
systems engineering, "Systems Engineering Fundamentals.” This work provides a conceptual
level description of systems ehgineering and life cycle management. It also provides a

framework for planning and assessing complex systems development. [DoD, 2001}

In "The Art of Systems Architecting,” Mark W. Maler and Eberthardt Rechtin offer pr1n01ples
methods and tools for architecting complex systems. They make a dlstmctlon between
architecting and engineering by stating that architecting deals largely with unmeasurables using
non-quantitative tools and guidelines based on practical lessons leamed. Whereas, engineering -
deals with quantitative tools and technical optimization. However; systems architecting serves as

the foundation for systems engineering.
Donald V. Steward adapted the n® matrix to develop a Systems Engineering tool known as the
Design Structure Matrix or Dépendency Structure Matrix (DSM). Since then, the DSM has been

adapted to many critical systems engineering uses and has been used to study and improve -
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engineering systems and processes. [Steward, 1991] Smith and Eppinger offer a model that
estimates iterative process lead time. [Smith & Eppinger, 1997] Krisnan, Eppinger, and Whitney
expand upon the concept of concurrent engineering and present a study on how and when tasks
~within product development can be overlapped [Krisnan et al. 1997]. Yassine, Zambito, Lavine,
and Whitney present case studies that demonstrate that a depth of knowledge in the process
being studied with the DSM can provide more process restructuring benefit than pure algorithms
alone [Yassine et al., 2000]. In addition to these technical papers, the official DSM web site,
DSMWEB.ORG, offers valuable links to DSM references and tools [DSMWEB, 2007].

Several theses, published at MIT, offer new applications of the DSM and exparid upon its
capabilities. Antonino Zambito [2000] uses the concept.of _,estimaﬁng probability of rework by
determining dependency sensitivity and task variability to compute an overall dependency
volatility. Soo-Haeng Cho [2001] compiles the work of Eppinger and Smith to create an Excel
based program for analyzing activity based DSMs and computing proéess lead time and standard
deviation. Eric McGill [2005] creates a Matlab based prbgram to restructure DSM process
models and to compute process lead time and standard deviation estimates based on stochastic
task time, rework probabilities, rework impact, learning curve and fesource allocation. Jehanzeb
Noor [2007], focuses on the use of DSM process modeling and simulation to better manage

attributes of complex systems.

Noor's research on systems engineering's role within a North American Automotive company
‘brought many insights to the research and work in this thesis. Noor presented a systems
-engineering approach to improving the process of attribute management within the closure'
system organization. This systems engineering approach consisted of both process and
organizational improvements. His work explored the complex coupling between many of the
closure system attributes. He presented several systems engincering methods and tools for
managing these attributes. These methods and tools included the design structure matrix, datum
flow chain, and axiomatic design. The research in this thesis will expand upon Noor's work by
exploring a single highly cross-functional vehicle attribu_té that is highl.y coupled with other cross

functional attributes. [Noor, 2007]

! Closures are doors, hoods, and trunk lids.



3. SYSTEMS ENGINEERING & ATTRIBUTES MANAGEMENT

3.1 A Systems Engineering Approach

Todéy"s automotive vehicle. system, product development processes and organization can be
classified as a complex engineering system, as it meets the classification criteria fora complex
engineering system set by' academics developing the field of systems engineering. The criteriato
cléssify an engineering system as sufficiently complex as to require a systems engineering
approach are the following [DeWeck, 2006]:

¢ Numerous components and interconnections, interactions or interdependencies that are

difficult to describe, understand, predict, manage, design, and/or change.
¢ Designed by humans having some purpose;. large scale and compléx engineering systems

will have a management or social dimension as well as a technical one.

Thus, it is critical for the automotive product development organlzation to employ Systems
Engineers who are armed with both a depth of nroduct,knowledge and a formal training in
systems engineering. The Systems Engineer must work within a systems engineering framework
and use chosen systems engineering principles, methods and tools as they guide the product from -
concept development, through system design, and ﬁna,llly to system life cycle management. And
these system engineers must have management support, especially if tltey are working across

organizations.

Figure 3.1 represents the primary components of an effective systems engineer. The head is -
represented by systems engineering principles. A Systems Engineer must become a systems
thinker know how to classify systems and their attributes, and must have mastered a formal

systems engineering process model The arms show the problem bemg transformed into a.

- _ solution. ‘The main body consrsts of the problem solvmg process. which can be applied durrng

System Architecting, System Design and System Project Management Systems Engineers
should take part in all three of these areas. Frnally, the feet represent the. systems engmeerrng
_.methods and tools that-allow systems engineers to effectrvely and consrstently solVe problems

Systems engineering methods and tools will change over time as improved ways. of problem

21



solving are-developed. However, system engineering principles are time tested guidelines that

help a systems engineer as they employ new methods and tools. [DeWeck, 2006]

“The Systems Engineer”

SE Principles

Systems | System
Thinking | Classes

Process
Model

h Problem Solving Process

 Froclem = ~ System | System | System =) Solution
‘ Architecture | Design | Project Mgt. ' '

SE Methods | SE Tools

Figure 3.1: Graphical Representation of "The Systems Engineer" [Source: DeWeck, 2006]

*- This thesis maintains.a holistic systems engineering framework. Although the-éase study of this |
“thesis zooms in on fhe product development organization and processes at the vehiéle subsystem
level and examines these processes at a high level of detail, improvements made at this level will
be tied back to value delivered to the whole product system [Crawley, 2006]. In this thesis, the
whole product system consists of the following:
> The product/system: Vehicle Design, the Product Development Organization and the Product
- Development Processes. |
- Customers and Stakeholders (listed in Table 3.1)
-> Supporting Systems (listed in figure 3.2)
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“Whole Product System

Product/System ‘Custiomers Supporting Systems:
Product:Vehicle Design , and -} IT Infrastructure
Process: NA OEM PDP Development Facilities

Organization: NA OEM PD stakeholders | | Manufacturing Plants
Dealerships
Service Centers
Roadways
Fueling stations

Figure 3.2: The Whole Product System

All deciéions madé within NA OEM PD 'organization must create value for the stakeholders of
this product system listed in Table 3.1. |

Stakeholder Category _Entity
Enterprise NA OEM
End user _ ¢ Manufacturing
¢  Finance
e Marketing
e Customer Service Center
e Dealership o .
® _ Purchaser/Vehicle Owner/Vehicle User/Passengers -
End customer e - Vehicle buyer :
Partners e  Suppliers
Suppliers ¢ Component Supplier
®  Sub-assembly supplier '
e T
e HR .
Employees e Product Engineers
®  Supervisors
¢  Functional Managers
¢  Technical Specialists
®__Project Managers
Leadership - e - PD Management
Society , . ®  Government Regulators
"Union o - UAW' -

“Table 3.1: NA OEM PD Stakeholders

This thesis is not focused on improving a subsystem design as a single static event. Rather, this

thesis focuses on product development as a dynamic process that involves many organizations
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within the enterprise and affects many stakeholders both internal and external to the enterprise.
As new vehicles are conceived, designed and launched, the product development process and
organization should always be evolving as lessons are learned from one product development

effort to the next.

As stated, a systems engineering approach uses specific systems engineering principles, methods
and tools and can help an OEM's product development organization and processes achieve
product designs that meet customer defined attribute targets and are delivered "on time."
Systems engineering methods such as the Design Structure Matrix, discussed in Chapter Five,
can help enterprises manage complex products such as a vehicle rsystem. Product development -
projects, such as vehicle programs, involve a complex set of activities that may require

_ coordinating the work of thousands of engineers, managers, technicians, and other professionals
in several companies. The work of any one design task can affect many other development
decisions throughout the organization [Smith & Eppinger, 1997]. The DSM systems engineering
method enables an enterprise or organization to understand and better manage this complex set
of activities allowing vehicles to be designed to higher quality standards and within shorter cycle

times.

To promote a deeper understanding of systems engineering, a relatively new field in

engineering, several useful definitions of systems engineering are listed below:

- “Systems engineering integrates all the disciplines and specialty groups into a team effort

_forming a structured development process that proceeds from concept to production to
operation... Systems engineering considers. both the business 2nd the technical needs of all
customers with the goal of providing a quality product that meets the user needs.”

- The International Council on Systems Engineering (2006)

“Systems engineering is a branch of engineering that concentrates on the design and application
- of the whole as distinct from the parts...looking at a probicm in its entirety, taking into account . . .
_ all the facets and all the variables, and relating the social to the technological aspects.”

- Ramo, cited by Clausing, Cohen, & Phadke (2002)



"A systems approach is one that focuses on the system as-a whole, particularly when making
value judgements (what is required) and design decisions (what is feasible). At the most
fundamental level, systems are collections of different things which together produce results
unachievable by the elements alone." - ‘

- Rechin & Maier, The Art of Systems Architecting, 2002

.. "Systems exist to satisfy needs, and the complexity arises because only. the cooperation of the

- . different elements of the system can yield this satisfaction.. If you could partition the system so

. that each little piece satisfied one of the needs then you would not need systém engineering." .
- = Daniel Whitney, 2007 '

3.2 Systems Engineering at NA OEM: Systems Focus vs. Components Focus

- Although the New PDS at NA OEM has made some improvements in shifting the engineering -
focus. from subsystem/component engineering to systems engineering, most engineering efforts
are still focused on the optimization of subsystem and component attributes. Quality and cost
reduction efforts afe predominantly done at the subsystem and component level. Systems
engineers at NA OEM are rarely required to deliver system level quality improvements and cost
reductions. This focus is due to the fact that it is easier to.make éhanges at the
subsystem/compohent level. System level changes usually are architectural in nature and require -
more advanced planning than usually allowed by manageménj: for q'ualiiy and cost A

improvements. Management often requires instantaneous cost reduction and quality

improvement results that meet year end objectives. System level changes are not made as easily .

as component level changes. Strategies for system level changes must be devised at the very.

beginning of a vehicle program. - Indeed quality and cost changes can be made at the system - .
level. However, these changes require early planning and management s;upport;- The_sé cost and
: q_uaiity changes will be generated by changing: cqr_nponsnts and subsystcms:bui; these changes -

have to be coordinated, hence the need to take a higher system-level view.. - .
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In addition, the subsystem/component focus at NA OEM is due to the difficulty of cross
organizational communication. The NA OEM PD organization has become more functionally
oriented. Engineers of the same subsystems/components sit together to promote communication
-and expertise of individual subsystems/components. However, there is little effort to facilitate
cross organizational communication between two engineers who share an interface or whose

design parameters both contribute to single vehicle level attribute.

The New PDS at NA OEM does promote cross organizational communication at various points
along the product development cycle. For example, early in the program teams of component
design and release engineers, purchasing people and suppliers are required to meet to set
component pricing goals and to devise a road map-to meet these goals. Later in the program a
team comprised of the component design and release engineers, purchasing, material planning
and logistics, and the supplier meet to ensure that robust manufacturing plans are in place for
launch of the component design. However, these cross organizational teams are still widely

component focused.

Another indicator of a component focus at NA OEM is the PD organization's efforts to create
Product Design Rules. Component and Subsystem engineers are required to write and adhere to
design rules. However, these design rules are focused at the component/subsystem level and it is
difficult to find many system level design rules, such as-design rules standardizing robust
intérfaces between mating components/subsystems. Design rules are kept at the subsystem level

and there is no formal system of vehicle level system integration design rules [Noor, 2007].

One indicator of a weakness in a product development'organization's systems engineering
capability.is the number of system level attributes that fail to meet customer expectations. ‘Often
there is not a clear understanding of how various subsystem design-parameters interact and affect
vehicle level attributes. All vehicle subsystems are decomposed into components with
component level engineers assigned to design them. However, not all vehicle subsystems have
integration engineers assigned to manage the attributes of the entire subsystem and ensure robust
integration into the vehicle system. And .if subsystem integration engineers do exist, their job

responsibilities are not always well defined.
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There is also evidence that component engineers are rarely afforded the chance to engineer their
‘components with a holistic view of the entire product system described earlier. Component
engineers have little chance to interact with customers and even find it difficult to spend time in
the vehicles for which they are designing components. An engineer at the component level
states, "I see little focus on the total system. Iam unable to trace my component level
performance objectives back to the. customer.. Objectives for performance, cost, weight, and

quality are cascaded to me without rationale for how these quantitative ﬁgures were derived."

In order to compete in today's automotive market, automotive companies must use a holistic
systems engineering approach when examining their product development processes. Systems
engineering principles, methods and tools can enable an automotive OEM's product development
organization to create new product designs with attributes that meet customer expectation and
deliver these new products to the market in less.time than before. Automotive OEMs should not
merely focus on product improvement. They need to focus on process and organizational
improvements which will ultimately yield improved product quality. - The Design Structure
Matrix systems engineering method is a way to create an abstraction of current product
development processes which can »be studied and facilitate process and organizational

improvement ultimately leading to product improvement.

3.3 Vehicle Attributes

Merriam-Webster dictionary definition of an "Attribute:"

1:an inherent characteristic; also : an accidental quality

Both deﬁnmons apply to our dlscusswn on Vehicle System level Attrlbutes Attributes are
lnherent characteristics of the vehlcle system. However, unexpected characteristics can be
thought of as an "accidental quahty of the system Inherent charactenstrcs are intended and '
engmeers try to create systems that exhxblt them. On the other hand acc1denta1 attrlbutes are

umntended and engmeers try to av01d them

27



All of the vehicle's interfacing subsystems are designed to meet an intended vehicle function.
However, it is the specific subsystem designs chosen to achieve the required functions that create
the vehicle level attributes. These attributes are considered _eithef.negative. or positive from the
standpoint of the customer, with negative attributes commonly referred to as error states. Many
different designs can achieve the same function. However, it is the resultant attributes of that
design that make the product desirable or undesirable to the intended customer. For example, a
driveshaft's function is to transfer torque though an articulation angle while telescoping to
accommodate changes in axial length due to suspension movement. Many driveshaft designs
can achieve this function. However, if the driveshaft's unbalance causes the vehicle to vibrate at
high speeds, this subsystem design has contributed to a négative vehicle attribute or error state.
The goal is not to maximize or minimize vehicle attributes because attﬁbutes. of complek systems
are usually highly coupled. Rather, the goal is to.employ systems engineeﬂng‘thinking along
‘with appropriate systems engineéring methods and tools to prioritize and trade-off functionality

and attributes.

_Figure 3.3 is an example of attribute coupling. Here we see that vehicle level attributes are a
function of subsystem design parameters. The vehicle level attributes are in boxes. The design -
parameters are in circles. These parameters are grouped around subsystems with names in the
respective central circles. Attributes are coupled by common dependent subéystem design
parameters. Figure 3.3 shows how the vehicle level attribute 2™ order NVH is coupled with ride
quality and vehicle weight, two other vehicle level attributes. Several cross functional
subsystems control 2" order NVH through design parameters. Many of these subsystem design
parameters affect both 2™ order NVH and ride quality. Also, many design parameters affect both
2" order NVH and vehicle weight. Tt is also interesting to note that, in figure 3.3, two-way
arrows represent a feedback loop during the design phase that occurs between the vehicle level
attribute and the subsystem design. Whereas, a one way arrow represents the design parameter
as an input only to the vehicle level attribute. This means that the desi gﬁ parameter cannot be
used ag a knob to change that attribute's response. For example, the "axle seat angle" deSigﬁ

. parameter affects second order NVH, The two-way arrow.represents the fact that “axle seat
angle" can be varied to achieve a desired ?_“‘j order NVH atiribute response. In contrast; "axle -

pinion length" affects second order NVH. However, it is purely an input into 2™ order NVH ..
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response and cannot be changed to achieve desired 2" order vehicle level response. This is
because the axle pinion length design parameter is set by a higher priority vehicle level attribute
or functional requirement such as maximum vehicle payload, calling for a certain axle pinion
size. Chapter seven will discuss how incorrect assumptions on which design parameters can be

controlled to achieve attribute targets artificially limit the design space.

| Ride Quality - -

2 order NVH

Higher Priority Vehicle Attributes:
. 3 Gross Vehicle Weight and Towmg
Vehicle Weight - ) Capacity

Figure 3.3: Coupling of 2™ order NVH with Ride Quality and Vehicle Weight Attributes

Translation of Customer Needs into System Level Attribute Targets

The Product development process must facilitate successful translation of customer needs into
system level aftribute targets.” Customer needs are often qualitative statements, such as “The car
should be quiet.” Attribute targets are a quantitative statement of exactly what the system must
achieve in order to meet customer needs and wants.’ The product d_evelopment process must also
facilitate the successful decomposition and cascading of vehicle level attribute targets to

~ subsystem level attribute t-argetS. Note that attribute targets differ from design parameters or.

It is important to note that organizations may ‘also refer to attributes as system charactenstlcs
3 Note that various PD organizations may refer to attribute targets as product specifications,-
product requirements, product objectives or engineering characteristics.
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design variables. Attribute targets tell a PD team what to design. Whereas, design parameters
specify how to design the system. [Ulrich & Eppinger, 2004] For example, a design parameter
might be the required rear axle ring gear surface finish grind specification. In contrast, an
example of an attribute target or specification is maximum sound level of axle whine measured
at the driver's outboard ear and specified in decibels. In this example, the design parameter
"Rear axle ring gear surface finish grind" directly affects the vehicle level attribute "sound level
- at the driver's outboard ear." The translation of customer needs into engineering system
specifications is accomplished by specific methods and tools such as the House of Quality

[Hauser & Clausing, 1988].

Faulty vehicle level attribute targets can cause issues all throughout the product development
timeline. Early on, issues can occur when vehicle level attribute targets are not realistically
linked to customer need. For example, in the case of 2" order NVH, vibration level targéts may
-~ be set for a specific driving condition which are too stringent and drive unnecessary development
time and hardware costs into the vehicle. These inaccurate 2™ order NVH vibration level targets
may not have been correlated with levels of vibration that disturb a customer representing a

given percentile driver.

Also, early in the PD process vehicle level attributes targets may not be translated into subsystem
level targets in a meaningful or rational way. For example, a vehicle level target for total first
order Driveline NVH exists. The first order Driveline NVH target must be decomposed and
cascaded to all of the driveline subsystems that contribute to 1* order NVH. It would be in error
to cascade a more stringent driveshaft imbalance specification than the rear axle imbalance
specification because the two imbalances work to offset each other. If a lower driveshaft
‘imbalance target exists, then the total system effect would be worse 1** order NVH than if equal
imbalance specifications are cascaded to the driveshaft and axle subsystems. Vehicle level target

decomposition and cascade is discussed in more detail in chapter seven.- -
Issues can also occur when attribute targets are cascaded down from the vehicle level to the

subsystem level without any feedback and negotiation. The process of target cascade is

_discussed in more detail in chapter seven. Also, issues can occur when there is.a mismatch
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between who is responsible for ensuring attribute targets are met vs. who owns the design
parameters that control that vehicle attribute. Attribute ownership and control are discussed in

detail in chapter seven as well.

Later in the program, problems can arise when vehicle attribute targets are ill defined. For
example, many of the 2™ order NVH attribute targets are described in terms of a subjective
rating scale where rating can vary from one engineer to another. Thus, this attribute target is not:

well defined and should be redefined in terms of an objective measurable target.

Finally, at product launch, issues will occur when the vehicle attribute targets are not met and the
product is delayed. Thus the process of vehicle level attribute target setting as well as the
process of decomposing and cascading to subsystems and components is a critical process in any

organization's PD process.

Prioritization of Attributes

Because vehicle attributes are coupled and design space is limited, attributes must be prioritized.

~ Attribute coupling was defined in section 3.3 and depicted in Figure 3.3. The case study for this
thesis focuses on a vehicle attribute known as second order noise vibration and harshness (2™
order NVH). This attribute will be described in more detail in chapter four. Although this thesis

is focused on improving 2™ order NVH, it is not focused on optimizing this attribute at the
expense of other attributes that could be more important to the customer. Rather, the PD
organization must know the prioritization of vehicle attributes and know when trade-offs
between, for example, vehicle dynamics performance and 2™ order NVH, can be made. Or
when trade-offs between vehicle weight, tied directly to fuel economy, and 2" order NVH can _
be made. Discussed further in chapter seven, NA OEM tackles the issues of attribute
prioritization is by creating "brand attribute DNA" and program attribute leadership strategies.
Based on target customers, the PD organization tailors attribute targets for each vehicle program. -
Then, attributes within a program are prioritized bésed on the desired level of competitiveness

- with other benchmark vehicles. It is essential that these prioritizations are c_éscaded ina

meaningful way to the vehicle subsystem and component levels. 'Subsystém: and component

engineers must know when to trade off weight and cest and other attributes targets cascaded to
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them as they explore their désign space throughout the product development process. They must
know the answer to "Which attribute is more important to the customer, the enterprise and all

stakeholders?" and should understand why this prioritization exists.

Integration of Subsystems

Attributes are emergent properties of a whole integrated system [Loureiro, Leaney & Hodgson,
2003]. In order for a system design to meet the attribute targets derived from customer needs, all
subsystems must be designed and integrated such that these system level attribute targets are
met. Often several different subsystems or in some cases, all of the subsystems, contribute to a

vehicle attribute.

Subsystem interface control is critical when subsystems are being designed and integrated into
the total system. In order for subsystems to be integrated into the total system, such that the
system functions as intended under all conditions, all the subsystem interfaces must be well
understood and managed. Subsystem interfaces include mechanical interfaces, spatial interfaces,
energy flow, material flow and information flow. Subsystem interfaces often represent PD cross
organizational interfaces. The PD organization is based on a simple hierarchical decomposition
of the vehicle systems. However, the subsystems that are integrated to form the total system
have many interactions amongst each other that cannot be represented by this simple hierarchical
- or modular decomposition. Therefore, there are many cross organizational design problems that
must be resolved. Some questions that arise are the following: How are subsjs‘tem interfaces

. designed and-controlled? How is cross-organizational communication managed and its
completeness ensured? How are cross organizational design interface decisions made? How are
system level "lessons learned" documented and accessed? Figure 3.4 demonstrates the cross
organization nature of engineering the vehicle subsystems such that the 2" order NVH attribute
targets are met. This figure represents the cross organization engineering collaboration that is

. required to.deliver second order NVH vehicle level requirements. This required cross

. organizational design collaboration is the case for most vehicle level attributes.
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Figure 3.4: Cross Organizational Communication Required for 2™ Order NVH Attribute Management
Ownership and Control
As stated previously, vehicle attributes emerge when all of the subsystems are integrated. Thus,
the question emerges; who is responsible for ensuring the vehicle meets system level attributes
targets? At the same time, who controls the design parameters that affect each vehicle attribute?
Often, these are not the same product development teams and sometimes they are not even in the
same management reporting chain. At NA OEM, we find ownership of some vehicle level
attributes at the subsystem Ievel; 2™ order NVH, the case study discussed in this thesis, is one
example of a vehicle level attribute that is owned at the subsystem level.. As explained in chapter
four, the driveline subsystem organization is responsible for signing off vehicle level testing that
states that 2™ order NVH attribute targets are met. However, as shown in Figure 3.4, the
driveline organization does not control all of the design parameters that contribute to 2" order
NVH. Many of the design parameters are controlled by the suspension group within the chassis
organization.  The powertrain and chassis organizational 'reportihg chéins only merge at the very- -
top of the PD organization with the Executive Vice President of North 'America.‘PD. -Driveline
system engineers are tasked with ensuring that chassis design parameter inputs.to vehicle level
~ 2 order NVH are well understood. However, communication between the two organizations is

not formalized in New PDS. "Good" driveline systems engineers take it upon themselves to
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communicate with chassis engineering. But, without formalization of this communication, these
chassis inputs can "fall through the cracks" and cause problems during vehicle level testing [NA
OEM, 2007].

3.4 Conclusion

An introduction to systems engineering and vehicle level attributes are deliberately combined in
this chapter to emphasis that the two are intrinsically related. In order for the vehicle system to
meet attribute requirements a systems engineering approach must be émployed in the product

development processes and organization.
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4. CASE STUDY: SECOND ORDER NOISE VIBRATION AND
HARSHNESS

4.1 NA OEM Product Development Organi?aﬁon

As previously stated, the case study for this thesis focuses on second order NVH vehicle level
attribute which is currently owned by the driveline subsystem. This vehicle level attribute
serves as a case study for system engineering and vehicle attribute management. Thus, it is
important to gain an understanding of the driveline subsystem organization's position within NA

OEM's Product Development (PD) organization.

“Within the PD organization, the entire vehicle system is divided up into several major subsystem
level functional organizations. Figure 4.1 below shows the structure of NA OEM PD
organization. Although, presently in 2007, NA OEM PD remains a matrix organization,
numerous reorganizations occurring over the past two years have shifted NA OEM PD towarda
more functionally oriented matrix organization. Within NA OEM PD’s functionally skewed
matrix organization, the functional organizations serve to promote a desired level of subsystem
level expertise among PD engineers. NA OEM’s major subsystem level functional areas are
Powertrain, Chassis & Suspension, Body, and Electrical.

Due to the major subsystem level complexity of the powertrain organization, this organization is -
further broken down into a subsystem levél which is comprised of engine, transmission,
drivelihe, and powertrain systems (exhaust, fuel, mounts and cooling). Each of these four

" Powertrain functional areas is under the jurisdiction of a corrésponding functional chief engineer.
Within some of these four Powertrain functional areas, there are corresponding subsystem

engineering-groups that serve to integrate all of the components within each of the four major
subsystems. These subsystem engineering groups are tasked with ensuring that their subsystem -
will meet all attribute targets cascaded by the vehicle en'gin'e'eﬁng organizations. However it is
important to note that the target cascade is not just a one way cascade. Targets are proposed to

- the subsystem engineers and the subsystem engineers-are responsible for negotiating the final

agreed upon value with vehicle level engineers.
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Figure 4.1: Product Development Organization Structure at NA OEM .

4.2 The Driveline Subsystem

In order to better understand the technical content of this thesis, this section provides a lesson on

the vehicle’s driveline subsystem. The driveline's primary function is to transfer powertrain

rotational speed and torque to the wheels, enabling the intended response at the interface

between the vehicle wheels and the road. Figure 4.2 shows a hierarchical decomposition of the

vehicle powertrain subsystem. The powertrain is considered a level one subsystem. As

explained in the previous section, the powertrain is further decomposed into several level two

subsystems, one of which is the driveline subsystem. The driveline subsysteni can then be

further decomposed into several level three subsystems.
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Figure 4.2: Hierarchical Decomposition of the Powertrain Subsystem

The driveline subsystem is comprised of the following level three subsystems: transaxle (for
front _wheel'drivé and all wheel drive vehicles only), clutch (for manual transmission
applications), transfer case (for 4x4 and AWD applications), front axle (for 4x2 and 4x4
applications), rear-axles, front and rear drive shafts, and half shafts (for independent suspension
applications). These subsystems interface with most other vehicle subsystems and the

interaction between eachbf these subsystems are factors in determining vehicle level attribute
responses. In figure 4.2 the driveline, a vehicle subsystem level 2, is responsible for ensuring -
that all vehicles meet 2™ order NVH vehicle level targets. Within driveline, the rear driveshaft,
transfer case, and rear axle control 2" order NVH. However, as shown previously in figure 3.4,
many subsystems outside of driveline and powértrain coﬁtrol 2" order NVH vehicle response.- It
is important to note, at this point in time, that an interface can be defined as physical/mechanical, .

. spatial, energy transfer, material exchange and/or information exchange.

The driveline architecture varies based upon the vehicle level architecture and vehicle level
- requirements.- The most common driveline architectures are represented in-figures 4.3 and 4.4,
These figures depict how the various driveline subsystems interface with each other physically.-
Front wheel drive, rear wheel drive, 4x4 and all wheel drive architectures are shown in these - -
figures. The intended functions of all two wheel drive driveline subsystems are to transmit
rotation and torque amongst the driveline subsystems, reduce rotational speed and multiply

torque and split the torque left-to-right and enable left-to-right wheel speed differences.
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The intended functions of all Four Wheel Drive and All Wheel Drive systems include those
listed for two wheel drive and also include; split the torque from front to rear, allow front to rear

axle speed differences and prevent runaway wheel slip.
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Figure 4.3: Front Wheel Drive architecture (Two Wheel Drive and 4x4/All Wheel Drive)
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Figure 4.4: Rear Wheel Drive architecture (Two Wheel Drive and 4x4/A11 Whéel Drive)
In order to convey the interaction between the driveline subsystems. an object based design
structure matrix is shown in figure 4.5 which represents the interactions between all of the

various driveline subsystems. In figure 4.5 we can see that material flow, in the form of
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lubricating grease, can exist between the front driveshaft and the transfer case if a slip yoke/stud
yoke architecture is chosen to accommodate axial plunging of the front-driveshaft. We can also
see that information flow can exist between the transmissioh and the transfer case in the form of
powertrain controls. Table 4.1 summarizes the driveline subsystems, their primary functions and

vehicle attributes that they affect.
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Figure 4.5: Object Based DSM Representing Driveline Subsystem Interfaces
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Driveline Subsystem

Primary Function

Vehicle Attributes Effected

Axles (front, rear, e  Change direction of the power flow.90°. e NVH
transaxles) e Provide gear reduction. * environmental resistance
e Split torque between left & right wheel. e hifetime durability
e  Allow wheel speed differentiation. ®  serviceability
Driveshafts & - e Transmit rotation and torque between driveline | ¢ NVH

Halfshafts

components.
Allow angular driveline motion.
Allow for axial driveline plunge and extension.

Lifetime durability
Vehicle system packaging
Vehicle assembly
Crashworthiness
Serviceability

Transfer case, Power
Transfer Unit (PTU) and
Coupling

Transfer case:

Distribute torque between front & rear axles.
Drive rear axle with front axle disconnected.

Coupling & Power Transfer Unit:

Control undesirable RPM variation between
the front and rear axles.

Enable front and rear axle speed differences
while the vehicle is turning.

Send torque to the rear axle.

Decrease torque and increase the RPM

Transfer case: NVH
Coupling: NVH, handling,
traction

Power Transfer Unit: NVH

Table 4.1: Driveline Subsystem Primary Function and Attribute Effect

4.3 Subsystems that Interface with the Driveline Subsystem

Once integrated into the vehicle, the driveline, as defined above, interfaces with almost all other
vehicle subsystems. The existence of these numerous and varied interfaces with all other vehicle
subsystems means that the driveline subsystem design and integration into the vehicle must be
well managed by the product development processes. The object-object design structure matrix
in figure 4.6 shows the main driveline components and their interfaces with the other major
vehicle subsystems. Physical, spatial, energy, material, and information interfaces are

represented.
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Figure 4.6: Object-Object Base DSM Representing Driveline Interface with Other Vehicle Subsystems

4.4 Vehicle level Attributes affected by Driveline Design

The driveline subsystem design affects many vehicle level attributes. The vehicle level attributes
affected by driveline design and experienced by the end user are the following:
* Powertrain Noise, Vibration and Harshness (NVH):
o 1% order vibration felt in the steering column, seat track and floor.
o 2" order vibration felt as start up shudder or heard as high speed moén.
o Radiated noise heard as a whine from the axle or transmission.
o "Clunk" felt as a jerking motion on acceleration.

o "Boom" heard as a booming sound in the cab when driving at various speeds.
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o Other vibration, for example, from the axle pinion.
e Max éllpwable vehicle speed
- Ride quality
¢ Fuel economy (weight & efficiency)
e Manufacturability
¢ Ease of installation at the final assembly plant (ergonomics)
* Serviceability (ergonomics) |
e Gear shift quality -~
« Cost -~ - .
e Safety
¢ 'Durability -~

These vehicle attributes, affected by driveline design parameters, are coupled. For example,
-driveline design parameters that improve fuel economy may also improve 1* order NVH and
~.cost. A single piece driveshaft weighs significantly less than a two piece driveshaft. At the same
time a single piece driveshaft can si gniﬁcantly improve 1% order NVH response.due to the
-absence of a center bearing assembly. On a multi-piece driveline, the center bearing assembly
‘acts as a direct path for 1% order vibration created by driveshaft imbalance to reach the frame,
body, and subsequently. customer seat. A single piece driveshaft eliminates this sensitive transfer
path. Moreover, cost for most single piece driveshafts is lower than two piece driveshafts due to
~ additional hardware required in a two piece driveshaft. Therefore, some auto manufacturers
have developed a common architecture for all trucks where ample underbody package space has
- been created to enable single piece driveshafts for all truck applications. There are numerous

- other couplings amongst these driveline design affected vehicle attributes which means that
trade-offs between attributes must be carefully considered when finalizing the driveline

subsystem design parameters.

4.5 Second Order Noise, Vibration and Harshness

As a case study for how "high impact” vehicle attributes can be better managed within an NA

OEM's functionally divided organization, this thesis will focus on the vehicle level attribute
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labeled as second order noise, vibration and harshness (Z“d order NVH). 2™ order NVH can be
considered a high impact vehicle attribute. For the sake of this thesis, high impact vehicle
attributes will be defined as those that occur on vehicles produced at high volume and that are
either historically problematic at launch or occur as one of the top ten issues in a warranty

R/1000 pareto. R/1000 is the number of warranty claims per 1000 vehicles produced.

This thesis focuses on the vehicle level attribute 2" order NVH because it can be characterized
as a "high impact" vehicle level attribute. 2" order NVH historically plagues NA OEM truck
programs due to large suspension travel, heévy payloads and high torque. Therefore it affects
NA OEM's top selling vehicles. It affects vehicle models that sell upwards of 500,000 units per
year. Warranty analysis for driveline shows 2" order NVH as a top 10 issue for some vehicle
models. In addition this vehicle attribute has historically caused issues during vehicle prototype

testing and at vehicle launch.

A Pareto chart of warranty claims from a major truck program at NA OEM was used to generate.
the pie charts summarizing total warranty claims for a single calendar year. These pie charts, in
figure 4.7, show that 2™ order NVH is amongst the top ten warranty issues. In addition, this
warranty issue is costly to fix. The fix is labor intensive as dealership service centers must install
shims at the rear axle pinion and suspension interface or at the frame and driveshaft center

bearing interface.

Driveline Warranty

Driveline NVH Warranty

2nd order NVH

1st order NVH

\

Driveline NVH

riveline Leaks  Axle Vibration
Transfercase
Issues

4x4 Issues Axle Gear Whine

Figure 4.7: Pie Charts Summarizing Total Driveline and Driveline NVH Warranty
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In addition, 2™ order NVH issues have notoriously emerged at or just before vehicle launch for
several predominant truck models over the past few years. The root cause of these 2" order
issues varies as this is a vehicle attribute that has design parameters controlled by multiple
subsystems. An interview with a driveline systems engineer working on a high profile truck
program shared the following story: Driveshaft component engineer and the driveline systems
engineer worked together over a period of four weeks to develop a driveline angle strategy that
would yield optimal 2" order NVH response for all driving conditions. However, at the final
verification prototype phase, all of the prototype vehicles built had much Jower rear axle pinion
angles than the suspension engineering team predicted. The unintended driveline angles caused
severe shudder during vehicle take off from a stop, a 2™ order attribute error state. Thus, the
driveshaft design and release engineer and the driveline systems engineer had to rework the
entire driveline angle strategy. This late design issue is just one example of many 2" order NVH

vehicle level issues that have occurred at or just before launch. -

The 2™ order NVH vehicle attribute was also chosen as the case study for this thesis because of
its cross-functional and cross-organizational nature. While the driveline organization is
responsible for ensuring that the vehicle level attribute targets for 2" order NVH are met, many
of the design parameters and associated manufacturing variation are controlled by other
engineering organizations within NA OEM's PD. Therefore, issues arise when these
organizations make changes to design parameters that affect 2“d order NVH without
communicating with the driveline organization. Many engineers within other organizations are
not aware that changes to design parameters they control affect 2™ order NVH. Thus, this
vehicle level attribute will serve as a useful case study allowing the reader of this thesis to gain
an understanding of the practical application of systems engineering principles, methods and
tools. In addition, the NA OEM PD organization will benefit from improved management of this

high impact vehicle level aitribute.

The source of vehicle level second order NVH is the driveshaft's single cardan universal joints
{u-joint}. Figure 4.8 shows a u-joint. A u-joirﬁ functions to aliow the driveshaft to transfer

torque from the powertrain to the axle as the driveshaft rotates through the driveline operating



angle called ¢ in Figure 4.8. A u-joint consists of two yokes attached to their respective shafts
and connected by a spider enabling a u-joint angle. For automotive applications, ¢ rarely
exceeds four or five degrees. Due to the u-joint angie V¢, the instantaneous angular displacement
of the two shafts is only the same every 90 degrees per rotation. This variation in instantaneous
angular displacement of the two shafts is the source of 2" order NVH. In order to minimize o
order NVH, an intermediate shaft must be placed between two u-joints and the angles of each u-
joint must be approximatel'y equivalent. Thus, for automotive applications, the driveline angles
must be earefully. planned and controlled. This is a. difficult challenge for automotive
applications because the driveshaft angles are continuaily changing due to various suspension

positions under various load and driving condition.

a) Simple Single Cardan Universal Joint

b)The Yoke and Spider

¢)Double Cardan Universal Joint

d)Four-bar conic lmkage equivalent of yoke and spider

Figure 4.8: Driveshaft single cardan universal joint [Source: Adams, 2007]

2™ order NVH is a function of the following driveline design parameters; max driveline speed,
driveline torque, driveshaft and half shaft lengths and driveline operating angles (the angle called
¢). However, this vehicle attribute is also affected by the following list of design parameters
which are controlled by subsystems outside of the driveline engineeﬁng organization:

* Body style and feature package variations that affeet vehicle Weight and ride height

* Suspension design
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® Frame design
¢ vehicle max speed
® Powertrain and transmission torque, length and installed angle

¢ Engine, trans and body mount rates and architecture

Figure 4.9 depicts a two-piece driveline system and the design parameters that influence 2™
order NVH. These parameters are not all static. Changes in the suspension as it travels from
jounce to rebound and as the vehicle is loaded from ernpty (curb weight) to full gross vehicle

.weight (design weight) change the driveline operating angles and affect the 2" order response.

(X.Z) CENTERBEARNG

D/S LENGTH —_‘1

DESIGN

ANGLE #3 i L
K N \
_ (X,Z) AXLE

Jouncs, Design,
Curb, Rebound

TORQUE & o
SPEED OPERATNG Iig

OH = U-joint Overhang

Trans "L" = Transmission length

C/S = Couple Shaft of the two piece driveshaft system

D/S = Driveshaft

X,Y,Z = Vehicle Coordinates

"F" = Ujoint center to flange end length o
"H" = Rear axle pinion length from axle centerline to pinion flange end ~
"V" = height from center of pinion flange to cenierline of axle

Figure 4.9: Driveline system and design parameters affecting 2" order NVH [Source: NA OEM, 2007]

Drivers and passengers of vehicles that have objectionable levels of 2'.ld order NVH experience a
shuddering feeling when they accelerate from a stop. This is caused by dynamic secondary
couple forces at the transmission yoke, driveshaft center bearing and axle pinion yoke.
Secondary couple forces are a reaction to torque, angles, and 1engfhs that produce a 2™ order

- shaking force on the yokes and center bearihg‘ [NA OEM, 2007]. At higher vehicle speeds,

“drivers and passengers can also hear 2 moan while maintaining a constant speed, accelerating or
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coasting. This moan is caused by torsional accelerations cause by the angular lag and lead
associated with u-joints. High operating angles aggravate this condition. The magnitude of the
objectionable vibration felt and noise heard by the customer is influenced by customer driving
cconditions. Do théy always drive around with the vehicle unloaded? Or, do they load their
vehicles up? Do they pull a trailer? What is the driving speed? How are they accelerating?

The customer driving conditions greatly affect the 2™ order response of the véhicle. The largest.
customer influenced factor is the.total vehicle weight which controls ride height in all driving '
modes and pinion ai_:glé under high torque driving modes. Ride height sets fhe driveline angle
which affects the 2™ order response. Vehicle weight also affects how much the pinion "winds
up" under high torque'applications. The driveline systems engineer is responsible for ensuring
that 2™ order attribute targets are met in all vehicle load and torque conditions. 2™ order NVH
targets are specified in terms of a minimum subjective rating. All driveline NVH test engineers
must agree that that magnifudé of vibration felt during accelera_tioﬂ and sound level of moan at
high speeds is low ehough to be granted at least the minimum acceptable subjective rating at |
 defined by the' customer. 2™ order NVH cannot be eliminated entirely but rather must meet '

customer defined maximum acceptable levels.

Aside from subsystem design, manufacturing variation also plays a role in 2™ order NVH. Thus,
the nominal design parameter value and associated tolerance as well as capability to achieve
these values must be carefully managed. Inherent manufacturing variation in the frame,

powertrain, transmission, suspension and body mounts will affect a vehicle's 2™ order response.

4.6 Chapter Summary

The driveline organization is a subsystem level two ofg_anization that resides with in the produét
development powertrain subsystem level one organiiation. The driveline organization is
responsible for ensuring that the vehicle level design meets 2™ order NVH targets. These targets
are subjective rating levels for vibration and noise'mﬁgnitudéll However, many other subsystems
located outside of powertrain own design parameters that control the 2™ order vehicle response.

Thus, it is the responsibility of the driveline engineers to coordinate communication with these
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other subsystems. The driveline subsystem consists of several level three subsystems which are

front and rear driveshalfts, transfer case/PTU and coupling, front axle, and rear axle.

2" order NVH is determined to be a high impact vehicle level attribute as it is an attribute that
has caused issues at launch and in the field on high production volume vehicles. 2" order NVH
is a result of the driveshaft single cardan universal joint. The forces_ created when the universal

joint rotates through an angle cause 2™ order NVH.
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S. INTRODUCTION TO THE DESIGN STRUCTURE MATRIX
SYSTEMS ENGINEERING METHOD

5.1 Introduction to the Design Structure Matrix -

As drscussed the automotive system can be cons1dered a complex system where thousands of
components are integrated into hundreds of subsystems which are mtegrated 1nto the ﬁnal
vehicle system. These subsystems and components have many interfaces and interactions at the
vehicle system level. In addition, the automotive product development process involves
thousands of engineers, managers, technicians, and other professionals. The product
development processes required to deliver a high quality final vehicle system that meets
customer expectations are complex and need to be carefully managed A systems engmeerrng
approach to vehicle attribute management at automotive OEMs can provrde a competitive
advantage by enabling high quality vehicle designs that meet the desired accelerated product

development timing. [Eppinger & Smith, 1997]

One 'systems engineering method that has been developed in academia and .is .being adopted in
1ndustry to help manage extremely complex products processes and orgamzations is the De51gn
Structure Matrix (DSM). Today, the DSM is being w1dely adopted by corporatlons that have
realized the competitive advantage that th1s complex1ty management systems engineering .
method can prov1de. A number of corporations are using the Des1gn Structure Matrix to manage
complex automotive components systems and subsystems, aeroSpace conﬁguration.design,
concept development and program roll-out, el'ectronics and semi‘-conductor development, N
equipment and machine tool development and plant engineering and construction projects
[Browning, 2001]. The DSM modehng approach can help to address problems facrng complex
product development projects within any corporation. In fact, there is an annual "International
Design Structure Matrix Conference" held as a forum for academics and corporations to share

the latest DSM complexity management developments, trends and ideas [dsmweb.org].

The DSM can be used to analyze and manage system process and orgamzatron desrgn

'Therefore the DSM can be used as botti an engmeering system method studymg complex
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interactions in a system design, and a system project management method, studying complex

process flows or communication patterns within an organization. When using the DSM as a

. system analysis method, complex interactions and interfaces between subsystems and
components are captured and clearly represented in a compact square matrix. One only needs to

“know how to read a DSM to know how subsystems interface and interact in an integrated
system. When using the DSM as a Project Management method, processes or organizations can
be represented. One can see process task interdependencies and understand the flow of
information through the process with both feed forward and feedback information flows
represented. Or, one can see how individuals within organizations communicate. In this thesis,
we will focus on the DSM as a project management method to streamline the vehicle product
development process.and deliver a better vehicle system. Specifically, the DSM will be used te
study subsystem design and integration processes at a high level of detail so that specific vehicle

- attributes that greatly impact the customer's perception of the vehicle system meet customer
defined target values and that these vehicle level attribute targets are met "on time" in an

“accelerated product development cycle plan. The DSM method can accomplish this by allowing
an organization to better document existing procedures, reduce complexity, share data, facilitate

project flow, reveal constraints and conflicts and design iteration strategically. [dsmweb.org]

In 1980, Steward introduced the concept of using a square matrix to show dependencies between
inputs and output tasks in a process.. He created an n” matrix with n process tasks in rows and

- the same n items represented across the top as columns, and placed a dependency mark at the
intersection of two tasks with a specific dependency. The DSM provided an advantage over
other project management process modeling methods such as PERT and Critical Path Method
(CMP) because unlike these two methdds,,'the DSM model can represent the natural iterations
that are inherent in any complex product development process [Steward, 1991]. Design iteration
is the repetition of a design task due to the appearance of new information. A task may have to
iterate for several reasons. First, an upstream task may have to repeat itself when a downstream
task discovers that the work done in that upstream task was wrong or incompatible. Second,
information in an upstream task that eventually feeds a downstream dependent task may be
changed due to a late management decision or may have been in error. Thus, downstream tasks

need to be repeated.[Eppinger & Smith, 1997]..



Some advantages of DSM as a project management method over other project management

~ methods are the following [dsmweb.org]:

® Compactly diagrams information flow of complex processes and is easy to read and

interpret. -

¢ Impact of management decisions on.process completion timing can be traced.

¢ Can be a consensus document for a cross organizational project team.

¢ Can help all members of a cross functional team see the big picture.

5.2 Types of Design Structure Matrices

_There are four different types of DSMs The four different types of DSMs and a bnef

descrlptlon are shown in table 5.1.

Component Based

Shows interactions between elements in a complex system architecture.
DSM The type of interaction, such as spatial, physical, material flow,
: ' ._information flow, and energy flow, can be represented.
Team Based DSM |-  Used to analyze an organization and is based on information flow

among individuals and groups working on a specific project.

Is created by identifying communication flows and representing them as
connections between individuals and groups in the matrix.

The type of information flow ard its frequency should be represented.

Activity Based or
Task Based DSM

All tasks in a process are represented and information flow bétween
tasks is represented by a mark at the corner of the interaction.

Task inputs and outputs are represented. ~

Parallel or concurrent, sequential or dependent, 1ndependent and
iterative task relationships are represented.

~ Information feed forward and feedback are represented.

Parameter Based
DSM

* Used to analyze system archltecture based on design parameter

interrelationships. |

. Created by explicit definition.of a system's decomposed design

parameters and their interactions. : : .
The types of interactions among system desi gn parameters should be

indicated as well as the associated strength of the interaction.

Table 5.1: Four Types of Design Structure Matrixes -

An act1v1ty based or task based DSM w111 be used in this the31s to map the current process of .

‘vehicle level atmbute target cascade to subsystems settmg subsystem des1gn parameters,
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integrating the subsystems and testing at the vehicle level such that the vehicle level attribute
known as "second order noise, vibration and harshness” (2nd order NVH) meets target values.

An activity based DSM is chosen because a careful analysis of the current process tasks and their
interdependencies and iterations will enable process iroprovement to be discovered. Figure 5.1
shows that two of the DSM types are static and twe are time-based. A time-based DSM tracks
the flow of information over time. Explained later in this chapter, with data on task completion
time and probability of rework, an activity based DSM can produce stochéstic process lead time
predictions. The activity based DSM used in this thesis case study is tirne based and process data
collected will be used to simulate total process time for the "As-Is" and "To-Be" product

development process.

Design Structure Matrices
(DSMs)

| I
l - Static I l Time-Based ' \
| ] o | |
Component- People-based Activity-based } Parameter-:
based DSM OSM DSM based DSM

Figure 5.1: Static vs. Time Based DSM

5.3 Understanding the Binary Activity-Based DSM

In an nxn square matrix such as the Activity-Based DSM, n number of tasks comprise the
process under examination and are listed in both the row and cclumn headers. A binary Design
Structure Matrix is one that shows a task dependency with a mark of unity, "1," and no
dependency with a mark of zero, "0," or no mark at the intersectionio_f two tasks. Dependency
between two tasks could also be‘marked‘with an "X." The tésks listed in the column headers are
considered inputs o the tasks listed in the row ,1eaders.. Therefore, if you Lcad across a single
.row in the DSM, you willldisclolver all of the tdbk\ that aré; required ds ihputs to that single task.

If you read down a single column of the DSM you will discover all of the tasks that that

un
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particular task feeds. In other words, you discover what tasks are dependent on the information
created by that single task. Two tasks or two groups of tasks can have several types of
relationships with each other. These can be summarized and dependent/sequential/series,
independent/parallel, and interdependent/coupled. Examples of these task relationships between

two tasks or two groups of tasks, A and B, are shown in figure 5.2..

A
-~ A |- B L : :
B B
Dsependent Tasks independent Tasks Intardependent Tasks

(Series) {Parallei) _ {Coupled)

Figure 5.2: DSM Task Dependency Types [Source: Eppinger, 1991]

Figure 5.3 is an example of a binary acﬁvity based DSM and represents the procéss of desigﬁing
the transmission to driveshaft interface. Here we see that tasks A, "Set vehicle level targets," and
B, "set driveshaft subsystem targets" are dependent and thus must be executed in series. Tasks A -
and C, "set transmission subsystem targets" are also dependent. We can see that tasks B "set
driveshaft subsystem targets" and task C "set transmission subsystem targets" are independent
tasks and thus can be executed in parallel. In this example we can see that rriany’tasks are
interdependent and thus cbupled. Coupled tasks are indicated by marks above the diagonal line.
These marks above the diagonal represent design iterations or feedback loops. In fact, all marks
- below the diagonal are forward feeding tasks and all marks above the diagonal are feedback
tasks. Iteration is inherent in the design of any complex engineered'systém.. AS stated, the main
advantage of the DSM over other forms of product development process modeling is that these
inherent feedback loops are easily represented and identified. The‘magnitude of coupling, and
thus complexity of thé process, can be seen by the size of a "coupled block.” A iargé cdupled
-block is shown in figure 5.3 between tasks D, E,F,H -an_d I. Therefore we can See from this
-~ DSM that the process of designing the transmission to driveshaft interface is_hi_ghly coupled and

iterative. Later we will describe how to break these coupled task blocks down into smaller more
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. manageable couplings when we address how to use the DSM to improve the product

development process.
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Set Transmission Subsystem targetsl C X
- . " . X
Create Driveshatt Slip yoke desigd D
Create transmission output shaft designd E
Run CAE Analysis of Driveshalt slip yoke design

F
CAE Analysis of trans output shaft designd G
H

driveshaft & trans Key life bench tesf

Run Driveline NVH vehicle Testng 1 | X | X

Figure 5.3: Example Activity-Based DSM: The Driveshaft to Transmission Interface Design

It is important to note that there are two categoriés of iteration; planned iteration and unplanned
iteration. Planned iterations are those that are required and converge to a high quality design
solution. These planned iterations are essential to the design process. The goal is not to
eliminate these iterations. Rather,. the goal is to shorten the time to complete a single iteration
and to decrease the total number of iterations required. Better CAE and CAD are examples of
~ways to shorten the tasks in an iteration, while better upfront plénning and target-setting are
exampies of ways to reduce the number of iterations. Unplanned iterations are undesirable.
These iterations are due to design mistakes, failed validation tests and late changes in program

assumptions or targets.
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. Looking at figure 5.3, we can learn how to read the DSM. Task "L" "Run Driveline NVH
vehicle testing” requires input information from tasks "A, B, C, D, and E."- Task "C", "Complete
Transmission Output Shaft Design" feeds information into tasks "D, G, Hand L." .

5.4 EXPANDED DSM MODEL FOR PROCESS SIMULAT ION

The bmary DSM has been expanded upon by several academrcs into a numerrcal stochastrc DSM"
that holds much more mformatlon about the process such as detenmmstlc or stochastlc task
times, task probabrhty of rework learning curve effect on time to rework a task, and task
ensmvrty to changes in input tasks. This additional information brings more 1ns1ght to the
process modeled by the DSM and allows users of the DSM to 1dent1fy process tasks and 1terat1ve- |
loops that cause the most timing and quahty issues for the prOJect team. For example teams |
evaluating the DSM can ask: Where do the highest probabilities of rework occur" What are the
longest tasks" Addrtlonally, this process information can be fed into varrous exrstrng DSM
‘ modellng programs that have been created to help predict total trme to complete an 1terat1vc
engmeenng desrgn process Once a valid DSM model of the current process is obtarned thrs '
model can be used to test process improvements and approxrmate the percent reductron in

process time that can be achieved [Zambito 2000, Noor 2007].
For this thesis, data is collected on task duration, task 1nformat10n varrabrhty, rework time wrth V

leammg curve task overlap, task sensmvrty, and rework probabrhty Each of these task

quantlﬁers are defined below and some are shown in the DSM structure in figure 5. 4
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Figure 5.4: Expanded DSM with Task Quantifier Information

;Task Duration: Units used are days. Shown for each task in diagonai area of DSM. Interview
. data‘was used to create a triangle distribution with average, most optimistic/shortest expected
actual work time to complete, and pessimistic/longest expected time to complete. When
collecting information on task duration, it is critical to distinguish between actual task iime and
calendar time.- Each yields interesting, but very different, information about the process. In this
thesis I collected actual task time. »
- Task (as an input) Information Variability (IV )_:- No units ShoWn across bottom of DSM and
-~ used to calculate Task Volatility (TV) and probability of rework. This is defined as how likely
the information, produced by this task, is to change due to 1) competitive business strategy
decisions or 2) original information generated by this task was in error or didn't meet criteria

when tested. The IV is quantified by the rating scale shown in Table 5.2.

IV Rating | Description Estimated Liklihood of change - - '
3K stable 25% Or less
2 unknown beiween 25% & 75%
3 unstable -75% or greater

Table 5.2: Task Information Variability Rating Scale {Source: Zambito, 2000] B

56



Task Rework Learning Curve: Units %. Data stored on task data collection sheet and is not

" shown on DSM. When a task is repeated due to required iterations, it does not necessarily take

- the same length of time that it originally did. Often, there is a learning curve and task
completion time is shorter for subsequent task iterations. Not only is there learning, but in fact it
may not be necessary to'start the task over from the beginning. Theref.ore, this task quantifier
collects data on the average time needed for second and third time performing a task, expressed .

-as a percent of the first and second time respectively. o ,
Task Overlap: Units None. Overlap strategies are discussed later in this chapter. Task overlapis .
shown on DSM at the intersection of two dependent tasks as first of two digits. This parameter
tells us if two dependent tasks can be overlapped or if they must be performed sequentially. This |
parameter takes the value of 1 or 2. A value of "1" means that the input task must be 100%
complete before feeding information to a dependent task and thus the _tasks cannot be
overlapped. Tasks must occur sequentially if the upstream task information is slow to evolve or
the downstream task information is very sensitive to changes in the upstream task. A Value of
"2" means _th‘at an input task only needs to be partially complete before feeding information to a

‘_ specific task. It is possible to indicate the percent overlap of tasks. Some DSM simulation |
models take into account the percent of overlap betWeen two tasks [Cho, 2001]. - Tasks can be
overlapped in upstream task information evolves quickly; can be disaggregated, and fedtoa .
downstream task prior to the entire task beingr completed. Or, tasks can be o_Verlapped when _th‘e‘
downstream task is not sensitive to change in the upstream task information and thus can receive
early information assumptions fremih'e upstream task. These overlap strategies are discussed in
more detail later in this chapter. ' _

. Task Sensitivity (TS): No units. Shown on DSM at the intersection of two dependent tasks as the

. -second of two digits. This task quantlﬁer 1nd1cates how sensmve a dependent task is to changes

of information from input tasks Ifa spec1ﬁc input task changes how hkely isitthata spemﬁc

dependent task must be reworked? This hkehhood is indicated by a Task Sen51t1v1ty Ratmg

- The Task Sensxtlvny Rating Scale is shown in table 5.3,
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Rating _ description Dependent tésk is...
1 - Low _ | Insensitive to most information cﬁanges
2 i Medium - - Sensitivé to MAJOR info éhan‘ggs ONLY
3,. High 3 | Sensitive to most information changés

Table 5.3: Task Sensitivity Rating [Source: Zambito, 2000}

Probability of Rework: No Units. Shown at int_eréec,tion of task dependency as.t‘he second of two
digits. This thesis derives the Probability of Rework fror_ﬁ a combination of the ‘T'ask (as an
input) Information Variability and Task Sen.ﬁitivity. H&v likélyi a specific task is to be repeated
is-dependent on both how likely the information in an input task is.to Be changed or be in error
and how sensitive that task is to changes in that input task. T hereférc, each dependency within
the DSM will have its own unique Probability of Rewérk. | Dependency marks such as "1" or "X"
~ are replaced with a Probability of Rework. The value“assi,gned to a dependency's Prébability of
Rework is derived from Task Volatility which is the product of Task Information Variability (IV)
and Task Sensitivity (TS). [Zambito, 2000]

-Task Volatility=TV =1V x TS

Then, TV values are assigned a Probability of rework. This 1s shown in table 5.4. The

. probability of rework vs. TV value curve used to derive probability of rework for each

- dependency was derived from previous work [Zambito, 2000]. In this }prevvious work, the

- probabilities were derived from calibrating a DSM ‘model until the probability of rework values
entered into the model yielded a model cutput time consistent with rcal life véhiclc hood
devclopnient ata NA OEM. This thesis makes the initial assumpti on that thé _réwork probability
| vs. TV curve shape from Zambito's work will accurately réprescnt the rew ork probability vs. TV
- curve for 2" order NVH vehicle dc,velopment 'li‘hi's.'z.issur-nptio\n is made becéuSé these two

_- processes occur within the same enterprise tvpc and w1th the same resourw type The
.plobablhty values compmmg this curve were then calmratcd euch that the tota] process lead tlme

And.

for2 order NVH development commded more ¢ 1()sely vuth ac.tual dcve]opmem tmle
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TV Value | Probability of Rework
1 ' 0

0
0.07-
0.13
0.20
0.26
- Table 5. 4 Task Volatlhty Vs. Probabrhty of Rework

\oq\-:sw:tv

Data to populate the expanded DSM was collected from 1nterv1ews with many engrneers across
| several truck programs. Then this 1nformat10n was used to populate a Mrcrosoft Excel based

simulation program available on the website dsmweb.org.

- The purpose of using a DSM PD process simulation m'odel is to quantify the predicted, percent
: improvement in process timing of various process improvement proposals. Due to the scope, |
this thesis will be less concerned with calibrating the simulation absolute valueloutput wit_h‘:real
life process time and more concerned with the percent improvement seen between the "As-Is" |
~ and "to-be"” process simulations. The simulation will help assess which process improvements .

are most effective and approximately how much improvement can be expected.

In order for the product development process model created in this thesis to have useful
predlctrve value, it must meet several cnterla Frrst it must address 1mportant managerral 1ssues.'
This model does 1ndeed address 1mportant managenal issues as it attempts to 1mprove a process _v

_that in the past has caused program delays and led to de31gns that cause field warranty issues.

| Second the decision makmg is based on 1nformatron that is available and accurate The process

model of 2'“d order NVH attnbute management at NA OEM was created from 1nterv1ews w1th

| englneers 1nvolved in the processes of study Input from engrneers was averaged across several o
1nput values from various engineers to ensure the data was more accurate. Third, the .
assumptrons and srmphf" cations of the model are reasonable The assumptrons of the model can

“be cons1dered reasonable This assertion wrll be supported in chapter 6. However these
assumptions are reasonable for the type and use of model output. Frnally, the model must have
face validity and can be correlated with previous pro_]ects In chapter 6, the "As-Is" model output

appears to be reasonable as compared to the real process. Although the "As-Is" output is longer
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than the product development cycle time allows, this is due to the fact that, in reality, not all of
the tasks are completed as thoroughly as they should be as engineers, short on time and

resources, triage their work [Smith & Morrow, 1999, Noor, 2007].

The output of the Activity Based Produét Development DSM zimulation models, used to
evaluate and control projects, is not the only useful part of the model. In addition, the process of
creating and understanding the model can help a cross functional preduct development team
create common goals and a better understanding of tasks. One should aiways consider the

indirect benefits of a médei [Smith & Morrow, 1999].

5.5 Creating the Expanded Activity-Based DSM

The DSM creation process can be thought of in a three phase approach. These three phases are 1)
Knowledge Gathering, 2) Analyzing and Optimizing, and 3) Documeritin g and Communicating
[Zambito, 2000]. In this thesis, the 2" order NVH DSM creation process was found to be just as

insightful as the DSM analv sis and simulation prowss

Once a significant mahagemeht problem is identified, a team éssembled, and the Activity-Based
DSM chosen as the method of analysis, the first chalienge is to identify the DSM scope. The
team must identify the specific systen:, subsystems or design problem being studied. For
example, the scope of the DSM created for this thesis includes all Qf the tasks that define the
subsystem parameters which contribute directly to o order NVH. The team must decide which
systems, organizations and processes are "in scope”, one level out, and "out of scope.” In
general, it is best practice to include those systems, organizations and processes that are directly

in scope and those that are one level out. [Zambito, 2000]

.Next the team must creatc'the comprehensive list of tasks that comprise the process. Here, the
team roust decide what level of detaii is best suited for DSM. They must decide how many tasks
the process should be broken up into. Does the team want 10 high level tasks or 50 low level
tasks? Which tasks can be combined into a smgle task to simplify the process model?

- Generally, a process flow diagram can help the team better understand the process and

approximate tasks dependencies and the level of detail for each task. Task detail should be
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minimized unless it hides essential information. As a general rule, if multiple tasks have the

- same upstream and downstream relationships, they can be combined into a single, higher-level
task [Zambito, 2000]." Also, the process flow diagram can be a good basic communication
method when speaking with engineers about the process tasks they own and how they might tie
1nto the entire process However, tasks should be separated if they mvolve different
orgamzatlons have d1fferent timings or dlfferent levels of uncertainty in the various task cntena :

- recorded. -

A D} | A
— | C ¢

A 4
)

A 4

BC

Figure 5.5: Combining Tasks to Achieve Optimal Level of Detail

The quality and timeliness of the DSM building‘ process can be :improved by a task deliverables
list consensus meetmg Most often percexved task input and output deliverables do not match
between various engmeenng teams If all teams can meet to estabhsh a smgle agreed upon hst of
dehverables the process of populatmg the DSM with dependency marks will be greatly .-
expedited. In addmon significant gaps in mutual understandmg may be dlscovered and: ﬁlhng
those gaps will result in an 1mproved process. The task list w1ll not need to be modlﬁed as
various teams are interviewed. Also, a smgle agreed upon task hst can faCIhtate electromc

interviews [Guivarch & Whitney, 2004].

Once a task list i is created, the team must, collect data for each task A chart should be created
that shows each task, its associated deliverable and who is respon51ble for completmg the task
and owmng the deliverable. This chart can also be used to collect data on task duratton task -

, sensmv1ty and task learning curve.

Finally, the DSM can be populated with task .informa_tion.a Task dependencies_ can be recorded in
" the DSM by completing interviews with the responsible engineers. Gerierally, it is best to ask

engineers "What information do you need to complete this task?" and then "Who needs the
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information you create?" By asking engineers these two essential questions, the team can

.- populate the DSM and verify that their task list is comprehensive and at a correct level of detail.
- As stated, this process 'can‘be improved by starting the process with é'éingle list of task '
deliverables agreed upon by all of the teams mvolved in the DSM creation process. Once the
DSM is populated with dependency marks, pldnned 1terations can be highlighted with a solid

- box, Unplanned iterations can be outlined by dashed boxes.

After the "As-Is" process DQM is completed, the team can 'bcgin 10 analyze the information in

the DSM. _Important insights gathex ed whlle Creatmg the "As-Is" DbM can be do«.umented The
_next section will describe how the "As-Is" DSM can be analyzed and discuss some strategies for
- optimizing the process. However, ii is 1mpormnt ‘ro mle that the mere pmc.ess of creating the

"As-Is" DSM can lead to many useful proceqs ms1ghts

5.6 DSM Analysis & Methods for Improving Process Time & Product Quality

'Onc‘e the "As-Is" DSM is created it sérvé< as a powerful tool for ‘dnderstanding the current

.process and for devising process 1mprovemcnts I‘he team will bave a clear r\,pre%ntatl(m of
how information flows through the process. They w1]l undexstann miormatlon inputs and
outputs for ¢ach task. Also, they will be able 1o eas 11y identify neratlon in the design process.

‘ The team can then focus on eliminating unintended iteration. For intended planned 1terat10ns,

. the team can attempt to execute faster terations or to conduct fewer iterations. There are many

. DSM algonthms and analysis techniques to xmpmve the process by : 'uovmg 2s many dependency
:marks to the lower half of the DSM and eliminating as many upper haif dependency marks as

possible.. The main algorithms and techniques are discussed in this section. In -addition, a

.. careful DSM analysis can identify process mistakes such as redundant tasks, premature decisions

and tasks that are starting too late in the process. Also, process experts can study the DSM and

identify restructuring opportunities that achieve a reduction in task time and rework probability

5.6.1 Partltlomng the DSM , - . ‘
- Sometimes, the tasks in the DSM can be re&cquenced such .hdt an 1mpr0v‘*d process structure is
1eved-le,d_. .Dehberately changing the task sequence in the DSM i 18 referfed to as partitioning or

sequencing. The sequencing operation of the DSM attempts to minirnize the number of
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dependency marks that occur above the diagonal. The goal is to only have iterative dependency
marks, marks above the dlagonal, that are due,to true task coupling and cannot 4be reduced by |
partitioning alone [Steward, 1981).” Some feedback loops in an initial DSM are only‘:due to

- process sequence and if tasks are simply fearranged, then these feedback loops disappear fr‘ér'ﬁ
the process. ‘Many DSM partltlomng algonthms exist to assist DSM users...Figure 5.6 show an

example of a DSM before and after partitioning..
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Figure 5.6: DSM Before vs. After Partitioning [Source: DéWeck, 2006]‘ |

5.6.2 Tearmg the DSM
Often after attemptmg to partmon the DSM, large coupled blocks st111 ex1st These coupled
design problems involve many iterations and englneerlng teams are often faced with "chicken or
the egg"” type decisions. One way to break large coupled task blocks 1nto more manageable
| _1terat1ve task sequences is to make a demgn assumptlon or to standardlze the de51gn When
makmg an assumptlon on the 1nformat10n produced by a task it 1s cntrcal to ensure that the
iterative desrgn loop has low sensitivity to this assumptlon 1n case the assumpt1on is not entlrely
correct. When these assumphons are made as part of a process change it is reﬂected on the
DSM as "tearing." A smgle large coupled block 1s torn mto multlple smaller coupled blocks
Frgure 5.7 shows a DSM before and after "tearmg " The tear mark is shown where assumptlons |
were made about mlssmg mformatmn Algonthms have been created to optlmally tear a DSM .

SO that marks above the dlagonal are mmrmrzed
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Figure 5.7: Tearing a DSM [Souice: DeWeck,2006]

5.6.3 Overlapping of tasks

Overlapping product development tasks can help firms develop products faster. However, the

overlapping of product development tasks must be carefully managed. Without careful
“management, overlapping tasks may actually lead to increased development times and resource

requirerﬁents. Therefore, one cannot simply say "overlap tasks as much as possible." Instead

one needs to use criteria that have been developed to determine if and when tasks should be

overlapped. [Krishnan et al., 1997].

Often two tasks cannot be executed in parallel because a dependency exists. However, these two
- tasks may be overlapped to reduce total execution time following the overlap criteria developed
by Krishnan, Eppinget and Whitney. "Overlapping" means the downstream activity begins
earlier by using preliminary information. When two tasks are over lapped, the upstream task

~ irfformation "X" needs to be disaggregated into parts "X1 and X2." See figure 5.8 below.

g'ﬁ@stmm o i Upstream | - | Upstream
| | ; | é
!mmsmm } | mwmtmzﬂ mwmm@ T
v A Sequentizl , 8 Parallel ) o & Ovedapped
The dowristream activity begins  The coupling between upstrear Thi coupling is preserved and
wnly M ter peceiving hnahz:ed ‘ owngtresn actieiiies is the activities are overapped
irifmrriation upen comaplétion of  enwvs, rendlting i a parallel  through frequénd infurmarion’
the upstream activity, process. . ezchange. |

Figure 5.8: Sequential, Patallel, and Overlapped Tasks [Source: Krishnan et al., 1997]



When devising a task overlap strategy, management can first consider the extreme values of
Upstream Information Evolution and Down Stream Information Sensitivity and then use the
-framework presented in ﬁgure 5.9 to devise a product development activity overlap strategy.
Upstream information evolution: The rate of refinement of the upstream generated information -
* from its preliminary form to a final value.. - =~ T, A0 e A '
Downstream information sensitivity: The relationship between. the duration of downstream
iteration and the magnitude of the change in the upstream information value. If the downstream
task is highly sensitive, then larger changes in the value of the exchanged information require

longer iterations to process those changes. [Krishnan et al., 1997]

Divish»e quhppmg Pmpuve

or No Overlapping Mppmg

- —=> preliminary !u&amuwmh@
_ — ﬁmm& information exchange . :

Figure 5.9: Framework for Managmg Task Overlap [Source Knshnan etal, 1997]

Figure 5.9 shows four prescriptive strutegies that product development mahagement can use for

~ overlapping formerly sequential tasks. The strategies depend on envisioning the extremes of task.
evolution and sensitivity.. Questions that need to be asked are: How qu1ckly does the
information in the upstream task converge toa ﬂnal value? . Does the 1nformat10n evolve and .
converge quickly and remain relatively: the same- value throughout the task durat10n‘7 Or, does. -
the upstream information evolve slowly and only converge to a well deﬁned value at the very .

end of the task? The next questions that should be asked are: - How sensitive is the downstream -
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task to changes in the information that is fed from the upstream task? If the upstream task
| information changes, does this cause a high ma-gnitude of rework for the downstream task? Or,
-do changes in the upstream task information cause liitle rework for the downstream task? Based
on the answer to these questions, four overlappmg strategies are described below:
. Iterative Overlappmg. Slow upstream evolution and low downstream sensitivity. The activities
are overlapped by beginning downstream activities with preliminary information, and
incorporating design changes in subsequent downstream iterations. |
Preemptive Overlapping: Fast upstream evolution and high downstream sensitivity. The
_information in the upstream task converges quickly. . Thus, the upstream information can be
~ frozen "preemptively" and fed to the downstream task. Here the process becomes shorter
- because the downstream task would start earlier, but.with finalized upstream information.
* Distributed Overlapping: Fast upstream evolution & low downstream sensitivity. This is the
best scenario for overlapping. ~Downstream'ra$ks with low sensitivityi can start with advanced
“upstream information and some of this upstream information can even be preemptively finalized
due to the fast evolution. ' | o |
Divisive Overlapping or No Overlapping: Slow upstream‘ evolution and high downstream
sensitivity: It is not desirable to start downstream tasks with preliminary upstream information
. because the upstream information is evolving slowly and will most likely change. In addition,
- the changes in upstream information will create a large amount of rework for the sensrtlve
~ downstream task. Thus, no overlapping is recommended However if the upstream task
mforrnatlon_can be disaggregated into information that is finalized quickly and information that
is finalized later, then pieces of information that are finalized early can be fed to the downstream

task.

5.6.4 Do-it-right-the-first-time (DRFT)
In many cases, partitioning of a DSM by re-sequencing of process tasks is not possible Or,
- partitioning only yields mild process 1mprovements In order to ach1eve more drastic process
1mprovements the tasks within the DSM that cause large rterauve loops need to be studied by
process experts. Entxrely new tasks may be needed (‘urrent tackc Tna y need to be redefined.

Current tasks may need to be divided into mulnple_ tasks a,nd some tasks r_nay be deleted. All of

66



these actions can be. used to "re-engineer” the process to yield large improvements in process -

time and organizational resources.

* When applying a DRFT approach to DSM restructuring to achigve an improved process, one
should [Yassine et al., 2000]; A | o , |
1. Create the base (“As-Is”) DSM so that iterative loops can.be identified and understood
2. Apply a partitioning algorithm to see if any improvements can be made to the base DSM.
- 3. Identify:“design-and test” cycles in iterative blocks. - -
4

. - For each“design-and test” cycle, decide if a new DRFT task can be inserted at the beginning .- . -

of the block. The DRFT task might consist of .the application of an expert system that
* .. improves the-process.by enabling it to start with more accurate information. -

5. Create a DSM of the new process, measure improyements'and compared to baseline DSM. .

- 565 Identifying Bottlenecks and Critical lnputs ‘

l Frgure 5.10 shows task "B" as an example of a Critical Input. This input is critical because the |
completion of many tasks 1mmed1ately downstream in the process rely on task"B"tobe
' completed and output 1nformatlon to be made available. Also, if task "B" is completed '
| incorrectly or the information is wrong, these downstream tasks mostly likely need to be
repeated The crmcahty of the timeliness and correctness of task "B" 1nformat1on means thrs :

" task's dehverables should be standardlzed if at all possrble In add1t10n this task should be noted

o oas crmcal and not delrberately changed because SO many down stream tasks depend on this task

' The most critical tasks can be- 1dent1ﬁed by creatlng a Pareto chart dep1ctmg the number of
dependant tasks assocrated w1th each task. The number of marks per column (1nput task) can be '

: counted to create the Pareto chart. [Noor, 2007]

Flgure 5.10 also shows task "E" as an example of an mformat1on bottleneck. Hére a smgle task

g must wait for mput information-from many other tasks Thus many upstream tasks must be

. completed before this downstream task can begin [Noor 2007] The largest bottlenecks can be

" identified by countmg the number of marks per row (output task) and creatmg a Pareto chart wrth: o
' this data ‘ C _ . ‘ |
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B = Critical Input : . E = Information. Bottleneck
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Figure 5.10: DSM Example of a Critical Input and an Information Bettieneck - -

5.7 Conclusion

All of the-DSM analysis strategies discussed above will be used to study the current process of
delivering a vehicle dest gn that meets second order NVH attribute targets and to propose
improvements to this process that will result m shorter brocess cycle time and improved vehicle

- system quality. This analysis is presented in the next chapter..
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6. APPLYING THE DSM METHOD TO ATTRIBUTE
MANAGEMENT PROCESS IMPROVEMENT

. 6.1 Introduction

As discussed in the prevrous chapter we have chosen to examme the current process of
de51gnmg and 1ntegrat1ng the appropnate subsystems to deliver a- vehrcle system that meets 2nd

| :order NVH attribute targets Essentrally, we are asking "What are the cirrent processes of 2

* order NVH vehicle fevel aftribute management and how can these processes be improved?" We .

have chosen to use the systems englneermg process modeling method, the Design Structure

| Matrix (DSM) as the means to understand the current process and test improvements. The DSM

| reveals srgmﬁcant opportunity for process restructurmg, redesrgn and 1mprovement that

»t_ - promotes nnproved cross orgamzatlonal desrgn efforts and w111 enable a hrgher quahty desrgn to

I.be completed in less trme than. before

6.2 Creation of thé "As-I_s" DSM Process Model

6.2.1 Scope and Granularlty ,

The scope of this DSM includes all tasks executed by product development teams that contrrbute .

'to 2 order NVH. This includes all teams that engmeer subsystems that have design parameters ’

that control the NVH souirce, magnitude, transfer functron and response It also includes the

followmg additional engineering support teams ba51c desrgn the team that deﬁnes vehicle

_archrtecture and complex1ty early in the program vehlcle engmeermg whlch is respons1ble for

understandmg and controlling vehicle transfer functrons for cascadlng vehlcle level targets to

. subsystems CAE responsible for early analytlcal testing; and dnvehne systems responsrble for |

the mtegratron of the driveline subsystems and vehicle prototype testmg The granulanty is such

" that subsystem level design tasks are listed. HoweVer 1nd1v1dual subsystem level design tasks |

- are grouped whenever possrble For example, we state "define rear axle desrgn parameters as
opposed to listing. each rear axle desrgn parameter as a separate task. These de51gn parameters

have the same mputs and outputs and thus can be grouped asa smgle task The goal was to .

' model 2" order NVH attrrbute desrgn ina task based DSM that would not overwhelm the '
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driveline organization, which is using this systems engineering method for the first time.- Thus, it

was decided to pick a granularity that produced approximately 40 tasks plus-or minus 10 tasks.

6.2.2 Process Flow Chart
The flow 61" information between teams was initially understéo(i by the creation of a process
flow chart shown in figure 6.1. This initial procéss flow chart served as a good communication
tool while trying to understand how information flows both within and between PD teams. The

~ flow chart shown in figure 6.1 represents the teams initial view of the "as-is" process of
mariaging 2" order NVH. The arrows represent the direction of information flow in the process.
The black arrows represent feed forward information flow and the red arrows represent
information feedback loops.. It is interesting to note that many moie rework loops were

“discovered after the "as-is" DSM was created:
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Figure 6.1: 2" order NVH Atiribute Management Process Flow Diagram
6.2.3 Task List
The ﬁné],ta_sk list.for the As-Is DSM was created by interviews with several engineers working

on one of two major truck programs from each individual team. In hind sight, the process ot
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creating the final task list could have been drastically improved if an init_ia-l "deliverables
agreement" meeting had been held with all teams at once. If this meeting had been held, all
teams could agree at one time to the information they consume and produce and the deliverable

format, name and storage location for thiis information [Guivarch & Whitney, 2004]. In this '

7 thesis case, the task list was modified all- throughout t the DSM creation process which made Sl

~updates and version trackmg difficult.. The final As-Is task list, consrstmg of 35 total tasks L
includes deliverable name, responsible engrneenng team, and data on task tnne, rework. learnmg .

curve and task variability.

6.3 As-Is DSM

6.3.1 Planned Iterative Blocks
- After following the "As-Is" DSM creation process discussed i in chapter five, the DSM, shown in- -
| ﬁgure 6.2, was created. There are 35 total tasks that comprlse the 2™ order NVH attnbute o
management process at the desired level of granularrty The original as-is process flow chart
shown in figure 6.1 contains 39 tasks. The as-is" DSM has only 35 tasks because the team

found that some of the tasks could be comblned The unmtended 1teratrons due to failed vehrcle
level prototype verification tests, are shown as above dragonal marks in'light grey font in

columns 29 through 35. Excludrng the umntended iterative dependency marks, two main

, coupled iterative blocks of mtended iterations become apparent The 1teratrons in these blocks :
are intended as part of the normal vehlcle des1gn process However these two blocks are hrghly
'coupled to the extent that it is difficult to dlscem between the two blocks and thus should be . E
considered one iterative block in the- "As-Is" DSM analysrs “These two hrghly coupled blocks
represent the two.major highly coupled iterative des1gn processes mvolved in dehverlng a
vehicle design that meets om order NVH targets. The first iterative desrgn process "Block I"i i
ﬁgure 6.2, represents the iterative design | process of creatrng the transfer case, transmission, axle |

and driveshaft desrgn and setting the vehicle max speed such that the driveline meets powertr'am A

bending requirements "Powertrain bendi-ng' is a result of the driveliné system reaching resonant:e L

ata g1ven vehicle speed. The drrvehne powertrarn bend1ng requrrement is verified with
“computer aided engrneenng tools early in the des1gn process and is vahdated with vehrcle testmg

- later in the desrgn process. -
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Figure 6.2: DSM Representing Current "As-Is" 2" order NVH Attribute Management Process
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The second iterative block, shown as "Block 2" in figure 6.3, represents the iterative design
process between the driveshaft, rear axle, suspension, frame, powertrain, transmission and
transfer case teams to set truck driveline angles for all vehicle weight conditions between fully
loaded.and empty and all driveline tofqu'e conditions.. The d_riveline angles control the
magnitude of the source of 2™ order NVH; Aé discussed in chaptér four, the source of 2" order
NVH is the driveshaft single cardan universal joint. The magnitude of the forcin‘gv function is -
dependent on the driveline angles, torque and speed. Driveline angles aré set up by the
powe.rtrain'installed_ angle, driveshaft mating position with the iransmission or transfer casé,
 driveshaft center bearing mounting positiqn on the frame cross member, the rear axle position
and angle as detérmined‘by the suspension in various vehicle weight conditions. The driveline
angle and associated subsystéms that contribute to driveline angleé are shown in figure 6.3. The
response at the driver and passenger location is dependent on total vehicle sensitiility and the

vehicle "sound package" which is partially controlled by upper ‘bo'dy design. . .

: (X,Z) CENTERBEARNG

TORQUE &
SPEED

OH = U-joint Overhang

Trans "L" = Transmission length : .

- CIS = Couple Shaft of the two piece driveshaft system

D/S = Driveshaft

X,Y,Z = Vehicle Coordinates

"F" = U-joint center to flange end length . :

- "H" = Rear axle pinion length from axlé centerline to pinion flange end - . -
"V" = high from center of pinion flange to centerline of axle

‘Figure 6.3: Driveline Angles and Determined by Powertrain, Frame, Suspension and Re_af Axle
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6.3.2 Unplanned Iterations

Iterations that occur because of failed vehicle level prototype testing have been marked as
unplanned iterations. The corresponding dependencies have been marked as unplanned
iterations because, according to NA OEM NEW PDS, the underbody design must be at design
intent by the first vehicle prototype (1% VP) build. NEW PDS has two main prototype builds for
~ most programs of varying complexity. However, for programs with almost entirely carryover
content or with almost entirely new content there are one or three total prototype builds

respectively.

The majority of new programs have two prototype phases; we will refer to these prototype
phases as 1% VP and 2™ VP. The 1* VP build requires that the underbody and powertrain be at
design intent while the upper body design is still not finalized. The offset in design progression
at 1 VP between the under and upper body is intentionally created to allow resolution of
powertrain and underbody issues without forcing changes to the upper body and creating rework
[NA OEM, 2007]. However, this offset does lead to some potential issues for underbody design
parameters that control vehicle functionality and attributes and are affected by hppér body
characteristics and design‘parameters. This issue is resolved by calling these types of design
parameters, "tunable” which are further developed during the upper body design finalization
phases. The 2™ VP build requires that all systems are at production intent. For most vehicle
programs, all of the uﬁderbody subsystems contributing to 2" order NVH must be designed to _
production intent and integrated at the 1* VP build and verified during 1% VP testing. Changes
to underbody design parameters are highly undesirable after 1% VP testing. Underbody
subsystems contributing to 2" order NVH are the frame, suspension, transmission/transfer case,
rear axle, and driveshaft. 1% VP teéting must verify that the vehicle system meets 2" order NVH

attribute targets.

Marking 1* VP dependencies that occur above the ‘diég‘onal as "unplanned" allows the DSM to~
-be partitioned based on planned iterations only. This yields smaller iterative blocks of plahned
-iterations only. However, unplanned iterations cannot be ignored as part of our DSM process
analysis bedausé they can cause major delays toa prbgram. In this case study, the vehicle

system very often fails to meet 2™ order NVH attributes targets at 1* VP and the team has to
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execute unplanned iterations between the 1* VP and 2™ VP prototype testing. The high

. probability of unplanned iterations is due to many process and organizational issues that will be
addressed in this thesis. This DSM highlights unplanned iterations that have a High probability
of rework as areas that need problem resolution by the process restructuring team. This thesis
will discuss the root cause and potential process and organizational corrective actions that could

be implemented to prevent these unplanned iterations from occurring after 1* VP testing.

6.3.3 Cross Organizational Aspect of As-Is DSM

Each task in figure 6.3 is color coded to represent the engineering organization responsible for
the completion of that task and the creation and storage of the corresponding deliverable. This
color coding shows the highly cross-functional nature of the management of this attribute. The
PD engineering teams that control design parameters, decisions and testing affecting 2" order
NVH are the "Basic Design," Powertrain, Vehicle Engineering, CAE, Suspension, Frame,
Transfer case or Transmission engineering, Rear Axle engineering, Driveline Systems, and
Driveshaft teams. The cross functional nature of 2" order NVH attribute management creates
potential issues with deliverable hand-offs, communication, timing, compléxity, attribute and
parameter trade-offs, and understanding parameter design space. As you can see from figure 6.3,
the information flow between these organizations is highly coupled. Effective and efficient
communication and informatioh sharing amongst all of these organizations is imperative. Also,
it is imperative that teams create and access deliverables "on time." "On time" creation of
deliverables can occur only when each organization uhderstands the timing constraints of other

dependent organizations.

6.3.4 Representing Task Overlap and Probability of Rework

Aside from task dependencies, the As-Is DSM in ﬁgure 6.3 reveals information on upstream and
down stream task overlépping and the probability of rework. As discussed in chapter 5, this
matrix includes information that can be used to aid in a visual analjsis of the DSM as well as a
simulation of total process time. Each dependency cell éhows, two values separated by a comrﬁa.
The first value, taking on the value of 1 or 2, represents, respectively, if the two tasks are
executed sequenﬁally or if they are overlapped _(referlto discussion in chapter five). The second

value in the dependency square can take on the value of 1, 2 or 3 and represents the output task’-_s
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sensitivity to changes in the input task (refer to discussion in chapter five). At the bottom of the
DSM, there is a row labeled "Input Task Information Variability." Each task is assigned a value
of 1, 2 or 3 depending on how likely the information produced by that task is to be incorrect or
changed (refer to discussion in chapter five). As explained in chapter five, the task dependency
sensitivity and the input task information variability are used to determine the probability of
rework. The task dependencies with the highest probability of rework (sensitivity =3 and
variability =3) are highlighted in yellow in figure 6.3 DSM. The DSM analysis will, in part,
focus on these highlighted task dependencies. The DSM analysis team will strategize on how to
drastically reduce the probability of rework for highlighted unintended iterations. These
highlighted unintended task dependencies are extremely undesirable because they cause
significant design rework. Often, these iterative loops will cause program delay even if infinite

resources are added to the program [Noor, 2007].

6.3.5 Validation of the "As-Is" DSM

The completed "As-Is" DSM process model was validated by final reviews with all teams
involved in the pfocess. Each teani agreed that the model represents the process as it is currently
executed. A final consensus was drawn on whether or not tasks were overlapped and what the
task information variability and dependency sensitivity values should be to correctly represent

the current process.

6.4 DSM Simulation

In section 6.5, the As-Is DSM process model will be transformed into the "To-Be" DSM process
model. As the DSM is analyzed and process improvements are proposed, a means to test relative
changes in process lead time mean, standard deviation and coefficient of variation is required.

. An MS Excel based computer program, available on the website dsmweb.org, has been selected
to enable this comparative analysis. This thesis will be limited to comparing relative change in
process lead time mean and standard deviation as well as the change in coefficient of variation

(Coefficient of variation = standard deviation/mean).

The thesis is limited to a comparison between the current "As-Is" process lead time and the

proposed "to-be" process lead time because the process lead time produced by the simulation
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could not be directly correlated with the actual process time. The "As-Is" process lead time
information will be the established baseline to which improvement proposals will be compared.
The percent change in lead time, standard deviation and coefficient of variation will be used as

- metrics to analyze process improvement proposals. These will be calculated using the following

equations:

% 8” = [(uas-is - l»lto-be)/ l»'as-is]*loo
% 86 = [(Gus.is — Gtobe)/ Gasis]*100
% 6Co = [(Cuas-is - Cuto-be)/ Cnas-is]* 100

The inability to correlate the simulation lead time with the actual process lead t1me is due to

~ three facts. First, there have not been any formal efforts made at NA OEM to collect accurate
process data for the 2™ order NVH attribute management process. All data collected were
estimates from engineers responsible for completion of the various tasks in the DSM. Second,
only two programs of similar complexity were sampled'for data required as inputs into the
simulation model and thus this sample is not statically significant. Onlytwo programs were
sampled because truck program.complexity varies greatly from model to model and from one
model year to another. Historical task time and iteration data would be needed from six or more
truck programs of similar complexity to make the model data statiStically significant. In
addition, data would have to be collected from programs of varying complexity to correlate
complexity to process lead time. Then, a scaled model of the process that takes into account the
complexity differences could be created to more accurately estimate process lead time for all
programs. Third, engineers have estimated; separate from other taslcs, L’hov‘v much consecutive
time, in days; it usually takes them to complete each task. In reality,: all engineers work on
several different vehicle programs at one time. Thus, their days are split-bet_ween all programs
that they are responsible for. Therefore the Consecutive Tlme data collected in this thesis
differs greatly from Calendar Time. In this the51s I denve task time'by assummg that a single
engineer is dedicated 100% to each task. In reality,’ a smgle éngineer rarely dedxcates 100% of
their efforts to a smgle task from start to completlon Instead they handle multlple tasks and

have to divide their calendar time between ‘many tasks.
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6.4.1 Collection of DSM Simulation Input Data
Data to populate the DSM process simulation was collected via interviews with engineers from
two major truck programs. Each program has considerable complexity due to a high number of

wheelbase, powertrain and drivetrain options.

6.4.2 Task Duration Assumptions

The DSM Microsoft Excel based simulation model computes stochastic process lead time by

- using task time duration data in the form of a trianglé distﬁbution. For each task, three durations

- are needed, optimistic or shortest expected completion time, average or éxpééted completion

time, and pessimistic or longest expected completipn time. Th¢ following aissumptions were
made regarding the duration: o - | o |

- 1. - Duration is specified in days and is equivalent to total time spent on the completion of that
task. This duration value is not calendar time; rather it is consecutive time spent completing
the task. "

2. For each of the two truck programs, optimistic, expected and pessimistic task durations were
collected from interviews with one engineer from each responsible téam, This is consistent
with engineering resources at NA OEM where a single engineer from each team is assigned
to a single or multiple programs. |

3. Optimistic and pessimistic task times represent 10™ and 90th percentiles respectlvely

6.4.3 " As-Is" DSM Simulation Results
Once all of the "As-Is" process information was collected and compiled, the simulation was run.
The results are summarized in table 6.1. A histogram showmg the process lead time results of

the 1000 run Monte Carlo simulation is shown in figure 6.4.

| "As Is" Process Lead Time Mean (days) N Macis= 114
"As Is" Process Lead Time Standard Deviation (days) | Oasiis = 195
"As Is" Process Coefflclent of variation ‘ Cms‘_is.= 0.17

‘Table 6.1: "As-Is" DSM Simulation Results
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Figure 6.4: "As-Is" Process Lead Time 1000 Run Monte Carlo Analysis Histogram
6.5 Restructuring the '"As-Is' DSM: Creation of the '"To-Be' DSM

The process of managing 2" order NVH vehicle level attribute can be improved by studying the
"As-Is" DSM and using the DSM analysis methods discussed in chapter five to restructure the
process. The process restructuring will be accomplished by a team comprised of process experts
from all engineering teams that own design parameters that control 2" order N VH or support
subsystem and vehicle level development and verification. The relative impact of process
restructuring proposals on process lead time will be revealed by DSM simulation results for the
restructured process. However, it is important to note that the process restructuring goal is to
create a process that yields a higher quality system in less development time aﬁd within budget.
In section 6.5.5, the potential quality impact of the restructured process will be discussed in
qualitative terms based on expected system robustness gained from the process improvements.
A qualitative discussion on how the restructured process will reduce resources will also be

included.

6.5.1 Partitioning the DSM _ _

Prior to any further analysis, the "As-Is" DSM was first partitioned with a partitioning algorithm
to see if any tasks could be simply rearranged to yield less feedback dependencies, that is, less
marks above the diagonal. The partitioning was done for two "As-Is" DSM scenarios. First, the

"As-Is" DSM was partitioned including all 35 tasks. Next, the "As-Is" DSM was partitioned
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excluding 1** VP validation test tasks. These 1* VP test tasks create the unintended iterations

because these vehicle prototype tests are intended to validate the design, not to create additional

work. The DSM is partitioned excluding the unintended iterations to see if the intended

iterations due to natural design progression could be reduced further if the probability of

unintended iterations occurring was low enough to disregard these potential iterations. After

partitioning both scenarios, it was found that if the probability of unintended iterations was low

enough to disregard these possible dependencies, the iterative block of intended tasks could be

" reduced from 25 tasks to 18 tasks. This means that the process restructuring team should focus

on how to reduce the probability of rework for all unintended vehicle prototype testing iterations.

The results are shown in table 6.2. The two scenarios are shown in figure 6.5 and figure 6.6.

Scenario

Intended Iterative Block Diameter

"As-Is" before partitioning

25 tasks

Partitioned: All 35 tasks included

22 tasks

' Partitioned: 1% VP Validation tests excluded

18 tasks

Table 6.2: Intended Iterative Block Diameter Comparison

Task Name. Lovt
Finalize PT (engine & trans) output torques, length & Instalec Angles
Finalize vehicle wheelbases, cab styles, Max towing capacity, ire size, features and options defined

Summarize vehicie hisiory: NVH durability AIMS, plant returns, & warranty
Cascade 2nd order NVH vehicle level (argets (0 Oriveline sysiems - sound level and acceleraions at

Determine how Intefior sound package & mount and bushing rates affects tansmissibiity of 2nd
orer inougs 10 the.

Define venicls max speed

i

TLEELE D

SEanEnaE oo

S e e e

Ny Block of
22 Tasks “ Intended

_~ Interations

[Define frama ign - ‘design, Jesigr

Define Rear Axie ratios
Define vansiercase architecture - fixed flange of OUIPUE shaft interface with driveshafts & casting

T ——
Define Axie design parameters - Tube Gia, seat height & angle (includes wedges & spacer), pin
cftser_jower shock & yead wicth, centar o

Finaize I nge strategy - nd
[Finaltze suspension hard points - spring eye, shackle pot, Z location of axle, nactive length and
|unoer shock.

Finalize irame to suspension interface (hard point location)
Define suspansion springs - sea angle, [ype of €yes an dsizes, width, main plate gage, Gviged

[Run "Rearmew" suspension simulation to Create-Smart Chassis” hardpoint part & generate axie

Calculate expected Vehicle curb (unloaded) weight for all major vehicle configurations w/30% option
content

e all major
‘Calculatel nterpoiate axie ptd X y.Z coordinaies for Jounce, design, curb, rebound & axie pition angie

Define max ac orces at the trams/icase, e And

Estmate axie wind up under torque

Popuiaie “LT Drive” Database

Collect vehicle or

nnnnnnnnn

Define # of driveshaft pieces and joint to joinslength of each piece

Fun P Bending CAE

[Opiimize driveline angles for ail vehicle configurations (Wheelbase, 0've fype, powertrain,
ion, axie. body sivie, soring)

8 angie

1D vehidle configurations af high risk for 2nd order I55ues duo fo strategy compromices from
Prototvee. analysis

Testing - Verity Scted.

Measuro & record all operating angles on M1 protatype vericies bulk and compare to predicted
\alues ?

Measure al M1 prototype v iy design.
ign.

[Sun 2na order testing on M prototype vehicles.

Run Axie wird up test on M1 vehicles

chasss roll testing for critical bending frequency

Figure 6.5: 35 Task DSM Partitioned with Block of Intended Design Iterations Shown
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Finalize PT (engine & trans) output orques, length & Installed Angles
Finalize vehicle wheelbases, cab styles, Max towing capacity, tire size, features and options defined

Task Name Level 1 2!3!‘ S!CI7]!Is||0!||!|2!|3!M!!5!16!17!1!!18!& Zl!nrﬂ!Zt!ﬁ 26!27@

_____

| Summarize vehicle history: NVH durability AIMS, plant retums, & warranty

s o Ve Targets 1o driveline systems - sound abions at
the
Define Rear Axle ratios

Finalize rise to curb pinion angle change strategy - min and max acceptable pinion angle change.

(Collect road loads from surrogate vehicie or early vehicle prototype & define torque curve
Define vehicle max speed

[Define frame crossmember design - Includes #3 Crossmember design, cenierbearing bracke! design
|8 total packaging space

Define transfercase archiiecture - ixed flange or ouput shal interface with driveshalts & casting

.....

2 Planned - ikl B d ooy
i lterations N2 : : AsEBI g sodnd.
iyl B feun

O R e TR S

‘| Finakize frame to suspension intertace (hard point location)

Define suspension springs - seat angle, type of eyes an dsizes, width, main plate gage, dvided
it 1st and 2nd rate

[Run "Reamew” suspension simulation to create *Smart Chassis” hardpoint part & generate axie

[Calculate expected Vehicle curb (unioaded) weight for all major vehicle Configurations wi30% option

content

Calculate/interpolate rise to curb for all major vehicle configurations

Calculatel inierpolate axie pi9 X,y.Z Coordinales for JoUnce, design, curb, rebound & axie pinion angle
g o oot

...............

Estimate axle wind up under torque

Populate "L Drive" Database
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[T ST P

Run PT Bending CAE

(Gpiimize driveline angies for all vehicle configurations (Wheelbase, rve 1ype, powertrain,
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Figure 6.6: Partitioned DSM Excluding Unintended 1* VP Testing Iterations with Block of Intended
Design Iterations Shown
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As we see with the partitioning results above, partitioning the DSM, with the unintended
iterations included, does not significantly reduce the "As-Is" DSM large iterative block. Thus,
we conclude that partitioning will not yield a significantly improved process until the probability ,
of occurrence for unintended iterations is drastically reduced. We will need to continue with the
partitioned comp.lete 35 task DSM and use additional process analysis and improvement tools
that require a depth of knowledge in the technical aspects of 2" order NVH as well as

organization and process expertise.

6.5.2 Identifying Information Bottleneck & Critical Input Tasks in As-Is Partitioned DSM
We will start our process analysis by identifying the critical input tasks and information
bottleneck tasks in the "As-Is" process DSM. Figure 6.7 identified the ten most critical input -
tasks to the current 2™ order NVH attribute manageinent process. Each of these tasks feed
information in the form of deliverables to the most upstream and downstream tasks in the
process. Therefore, it is critical that the information produce_d in these "critical input tasks" is of
a high degree of accuracy, delivered on time, and is rarely altered once completed. In figure 6.7,

each critical input task is shown with its associated task variability and total number of input
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dependencies that have a high probability of rework. This enables us to see which critical input
tasks are accurate and stable and which are not. This analysis flags the following four tasks as
critical input tasks that also happen to a have high degree of variability, are likely to be changed

late in the process, or are likely to yield results that prove earlier work to be in error and thus

must be repeated.
e Define Rear Axle Ratios
¢ Define Rear Axle Design Parameters - Seat Angle & Shlmmmg Strategy
o Complete 2™ Order Vehicle Prototype Testing
°

Define Suspension Springs

The process restructuring team must determine what process changes can be made to stabilize
the deliverables created in these four tasks and ensure the deliverables are always completed on
time. Vehicle Prototype testing is flagged as a critical task with high variability. Thus, if the
design fails this vehicle prototype testing many tasks must be repeated. So, in this case the goal
would be to reduce the probability of this test finding that the design does not meet 2™ order
attribute targets. If this test fails to meet expected criteria, a large amount of rework is created as

indicated by this being called out as a critical task.

Top Ten Critical Input Tasks and Their Associated Information Variability and Total Number of High Probability of Rework Dependencies
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~Figure 6.7: Top Ten Critical Input Tasks & Associated Information VariaBility & Number of High
Probability of Rework Dependencies .
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Next we identify the information bottleneck tasks that exist in the current process. Figure 6.8
depicts the top ten task information bottlenecks along with the information variability and total
number of high probability of rework dependencies associated with each task. Here we notice
that there are many large information bottlenecks in this process. This means that there is a high
potential for waiting if input tasks feeding these information bottlenecks are not completed at the
correct time. The process restructuring team will need to create a strategy to stabilize inputs as
well as ensure that input deliverables are completed at the right time. The information
bottlenecks, tasks at highest risk of being delayed, in this process are:

Define Driveshaft Architecture

Populate LT Drive Database

Run 2™ order 1% VP testing

Define Suspension springs

Define total number of driveshaft pieces and driveshaft lengths
Define axle design parameters

Define center bearing bracket height and axle pinion angle strategy

Top Ten Information Bottleneck Tasks and Associated Task Variability & Number of Dependencies with
High Probability of Rework
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Figure 6.8: Top Ten Information Bottleneck Tasks and Associated Task Variability and Number of
Dependencies with High Probability of Rework
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It is important to call out tasks that are both a critical input task and an information bottleneck
task. These tasks indicate the points in the process with the highest potential of delajing the
entire process. The team must focus on how to both stabilize the information created by these
_ tasks as well as ensure that inputs with little or no slack te these tasks are received at the correct
point in time. These tasks are listed below:

¢ Define rear driveshaft architecture

¢ Define rear axle design parameters

e Complete 2™ order NVH 1% VP testing

¢ Define Suspension Springs

.- Define center bearing bracket height and axle pinion angle strategy (define the universal

joint cardan angles)

6.5.3 Process Restructuring

-Effdr.tsvto reduce the single large iterative loop in this DSM to multiple smaller iterative loops,

- such as task 'relsequencing and DSM partitioning have offered littie improvement to the process. .

~ The process of designing the vehicle system to meet 2" order NVH targets is inherently iterative
and coupled. Thus, the process should be restructured using the "Do-it-nght-the-firsi-time"
(DRFT) method [Yassine et al., 2000]. As discussed in chapter five, the DRFT method of DSM
-process restructuring involves rcdei‘ining existing tasks, adding new tasks, and de].eting tasks, all

“with the goal of reducing uncertainty early in the process to avoid iterations late 1n the process.

. 2" order design and development process time can be reduced as well as product quality be

improved by: 1) reducing the total number of iterations by reducing the probability of rework, 2)

reducing the total task time by making tasks easier to execute, 3) increasing the iterative learning

curve, meaning once the work is done making successive iterations shorter, or 4) oveﬂappiﬂg

existing tasks and implementing concurrent engineering where appropriate.

6.5.3.1 Design, Build Vehicle Prototyj;e, Test, Redesign Loops -

The DSM reveals two 1arge unintendeq iterative loops where thete is a high prébabi]jty that
failed vehicle level testing will cause tﬁe désign cycle to iterate. The two vehicle prptbtype test
tasks that have a high probability of :ework are:

1. Measure & record all operating angles on from 1* VP build and compare to predictéd values.
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2. 2" Order NVH vehicle prototype testing

Discussion on 'unintended iterative loop #1: As stated earlier, 1¥ VP is intended-to have a
‘production 'repr‘esentative underbody design. At the 1* VP build, driveline angles are measured:
on all vehicles built and these angles are compared to the design intent angles. Interviews have

" revealed that for most programs, the vehicle prototype driveline angles deviate unexpectedly

* from the intended values. This is due to the fact that the nominal location of subsystemsthat '

- control the driveline angles are likely to not match intended location, In addition, manufacturing

... variation in eontrolling subsystems is not always well understood. The pewertrain "as installed"

- angle 1s often lower than represented in CAD models.. The rear suspension sprlngs and rear axle :

- - pinion angle are often not located as predrcted by analytical tools. This means that the teams '

need to reassess their subsystem design. Often the axle pinion angle and driveshaft center
bearing attach to frame height strategy has to be redeveloped at this point in time. ‘Some process
_ solutions to reduce the probability that 1* VP driveline angles deviate from expected driveline

angles are listed in table 6.3..

- Discussion.on Umntended Iterative Loop #2: The current 211 order NVH attrlbute management
process relies heavily on redesign after physical vehicle. level prototype testrng Itis a bit
obvious to state that an increase in early analytical work is needed However, m the case of 2’“1l
order NVH, the drrvelme systems engmeers are the ﬁrst to pomt out tlus fact “The question is
how should the process be changed to produce earher des1gn dec1srons w1th a hrgher degree of
conﬁdence and with what early analytrcal tools" How can the. process be 1mproved to yleld a

_ lower-probability of rework after ls‘ vp 2™ order NVH testmg" These questrons are answered in |

 table 63 and drscussron in section 6 55.

6.5.3.2 Large Planned Iteration Loop Process Improvement .
: . After significantly reducing the probab1l1ty of rework for unmtended 1terat10ns the team focused

on how to 1mprove the 1ntended iterations that occur as a part of the expected desrgn process

L Currently, the process to design subsystems such that the vehrcle system meets 2n order NVH

-, targets is a coupled and iterative cross- -functional desrgn challenge The team studiedthe two V

- largest planned iterative loops; 1) Desrgn the dnvellne angles under all vehrcle wei ght and
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driveline torque conditions and 2) Design the driveline subsystems such that the vehicle can
reach maximum speeds and not approach driveline resonant frequencies. The team proposed
-several process restructuring actions that reduce task time and probability of rework. These are

summarized in tables 6.3 and 6.4.

6.5.4 The Process Restructuring Proposal

By analyzing the "As-Is" DSM, the o ,ordér attribute management process improvement team
identified many opportunities for improved product design, project management, and cross
organizational communication. These procéss improvements include early and accurate product
assumptions, system and subsystem level-design rules, standardized interface architecture, a
choice of off-the-shelf hardware solutions, the use of simple desktop analytical tools as well as
‘more advanced CAE tools, and f_lnally the addition of hardware bench testing prior_ to the 1* VP
build. |

The process improvement proposals have been divided into two categories; 1) improvements that

~'do not require any capital investment and-2) improvements that do require capital investment to
i-mplement These two categories were chosen to show management ihe cffects of process
changes that could be 1mplemented immediately with no mvestmeni VS. those process .

. 1mprovements 1hat requlre an investment. Management can quanutatlvely discern the dlfferenc:,
-in relative process lead time and standard deviation 1mprovement between those actions that

. require investment and those that do_not. tis _;mpor,tan; however, for ,mana_gement not to base

. process improvement decisions on quantitative change in lead time and vanance alone. The goal

is not only to decrease development time, but to decrease required project resources and improve .

product quality. In this caée, product quaiify can be measured in terms of adherence to 2™ order
NVH targets. -All quaht_itatiﬂze,lead fime improvements should also be presented with assessment
on pr;dicted product quality and project resduréevs impad. Sorne pfoc:és_s improvement proposals
- do not reduce the procéss lead time or standard deviatiqﬂ, I_l,ci-\_a!ever,' the actic;n‘is predicted to
improve product quality. or reduce required résources. Table 6.3 andTablé 6.4 list the process
o 1mprovement proposals and their eftect onthe DSM and the change n prnwss lead time and -

associated standard dev1atmn and f‘oeffiucnt ot vanatmn
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Classification

DSM -

Effect '

“ 1

‘ Task Process Change Descnptlon
1 “Early . New Task | Create Early LT Drive Database for mmal d/s | iterative.
Assumption . design & 2" order NVH analysis. Use mix of | loop size
| carryover from previous program & early | rework
program suspension data to populate probability
‘ . | Database.
2 | ‘Improved X- | Modified | Develop system level design gu1de for ideal | task time
' ‘Functional |- Task | rear suspension defined rear axle pmlon travel | | rework
Communication | | & angle change. probability
I3 {" Improved X- | New Task | Driveline Systems, Frame, PT mounts & PT | | rework
Functional . | meeting to establish PT installed angle probability
_ Commumcatlon ‘ behavior. '
4 “ EBarly | Modified | Start with 2nd order force bogies from | rework
‘ * . Assumption . ‘| - Task. | previous program updated with any new probability
vehicle sensitivity assumptions. o
5| Improved X- | New Task | Create simple program specific x-functional - | | rework
Functional ' 2™ order Deliverable Gantt chart for crmcal probability
Communication | deliverables.
16 | Simple Desktop | Modified | Driveshaft engineers to use simple desktop PT | | rework. -
" Analytical Tool |- Task --| Bending spreadsheet calculators before .| probability -
_ ' sending design to CAE group. '
70 Early : New Task Driveline Systems negotiate acceptable | rework
, -Assumption | complexity w/frame, rear axle & B&A VO - | probability
8 Concurrent Modlfied Ensure that Driveshaft Design and Suspension | | process
| Engineering | Tasks | Design is being designed concurrently early in tlfne
: R the. product development cycle. L
9 | Task Overlap - | Modified | Overlap all task dependencies identified as | process
| -|" Tasks | having fast upstream evolution & low =~ | time
ol o S - | downstream sensitivity S -
10 Improved ‘Modified | Driveshaft and frame to negotiate frame #3 } rework
Design Space ‘Task cross member design-for best package space. | probability
Improved - | Modified | Delay #3 frame cross-member center bearing | | rework __
Design Space | task/New. | bracket height & angle definition as long as | probability
- © | task - | allowed by frame supplier w/o dr1v1ng extra
: N cost into the product. : :
| 12 Improved . . | Modified | Delay rear axle pinion spacer/shlm angle } rework
' ' De51gn Space task/ New definition as long-as allowed by rear axle probablllty
~ -task’ inion supplier.
Pmcess Lead ’l‘lme Slmulatlon Results (% delta from As-ls DSM) % op = 13%
. S : | % 86 =22%
© | % 8C,=10%

Table 6.3: Process Restructuring Proposals —

No Capital Investment Required - -
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'DSM
Classificationn { Task : Process Change Description o Effect
Type _
-Off-the-Shelf | Modified | Develop off-the-shelf driveshaft hardware | task time |
- Hardware Task | solutions with supplier. - rework
-Solutions probability
Standardize | Modified | Standardize transmission/ transfer case to | task time |
Interface ~ task | driveshaft interface. L rework
Architecture | ' probability
‘Desktop Modified | Write macro to automate LT Drive angle | task time
Anaiytical Tool Task optimization exercise- o :
Improved | New Task | Develop vehicle CAE model to mclude ' | rework
- Analytical Tool © | predictive capability of response to 2™ order | probability
» input forces. ,
New Bench/Rig | New Task | Adapt current drwehne ng to s1mulate road | rework
- Testing loads so that driveline angle dynamics & 2 probability
: order response can be understood under high
torque applications.
Process Lead Time Simulation Results (% delta ‘from "to-be w/no capital | % dp =18%
: investment" DSM) | 9% §o =30%
% 8C,=14%

Table 6.4: Process Réstrrlcturing Proposals ---Capit.él Investment Rer;uiréd :

6.5.5 Predicted Impact on Process Lead Time, Project Resources, and Product Quality
6.5.5.1 "To-Be" with No Capital Investment - , _

- Six completely new tasks were added.to the proce.ssin.th_e "To bp with no bcapital‘ in.vestmen-t"'_ -
DSM. Adding tasks is counter intuitive to reducing process lead time. However, these added ..
raske cut down the probabﬂity of rework and increése the quality of the entire system The new
tasks include; several cross functlonal ‘meetings. early in the program to determine the feasible
design space, communication with. VO directly ear]y in. program and Lhe use of simple desk top

-analytical tools prior to CAE evaluation.

- In the new "To-Be" process, early cross erganization corﬁmunicatibn: is fomiéliied in the form of -
scheduled meetings prior to early New PDS milestones. These meetings arer formalized in-New
PDS local processes for the-affected subsystems. The purpose of these meetmg% is to: estabhsh
the available deslgn space for desrgn parameters af fectmg 2% order NVH At these mec,tmgs

-driveline systems engineers can establigh the ,-acc,eptable,complexrt) vfor frame, rear axle and
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vehicle operations. These mét;tings increase product quality by giving driveline systems
engineers more design space to optimize driveline angles and meet 2" order NVH targets. These

: ‘meetings reduce the total lead time by cutting down on probability of rework.

The use of simple desktop driveshaft bending anélytical tools instead of costly CAE resoﬁrces -

~ can bring significant process improVement, . This research has found tha‘t_ these desktop analytical S

tools exist-at NA OEM. However, the driveshaft engineers interviewed were not using this tool.
In the current process,_ driveshaft engineers send d_esign proposals directly to CAE to verify tha‘tf _:
the design meets PT bending. In the new process, driveshaft engineers use. powertrain bending .' .
spreadsheets to see if their design meets PT bending before sending to CAE. CAE is very
reéource i_nfeﬁsi\"e. In addition, long Queues form for CAE resources because the resource is
over utilized by all engineering teams. Therefore, design engineers should be fairly confident in o

their design before handing the design off to CAE.

The decrease in rocessv average lead time and decfease in standard deviation is also due to

making several « arl_-y—' assumptions.- These early assumptions have the effect.of tearing DSM _
dependenciesvth t caﬁse large féedback loc;ps; One ﬁlajor eariy >assurrnptio_n in the new procéss. is
the creation of an nitial database to populate a driveline angles and 2" order force analysis tool

(The application| i$ referred to as Light Truck Drive or LT Drive in the DSM) early in the

program. Creating an initial LT Drive database with assumptions.about 2™ order maximum
acceptable forces, |axle wind up due to spring design, and suspension travel enables the driveshaft
to be.designed ear]y in the program. Only minor changes need-to be made to the driveshaft .

design later in the program when actual data is ¢olle¢ted on the design pararheters for which we -

. made initial assumptions. These assumptions and the creation of éq early LT Drive analysis tool
database acts to decouple the driveshaft and spring design early.in the program. Instead of these-
two design process occurring sequentially they can occur in parallel. Then, once the spring

design is finalized|only minor changes may be needed fdr_ the driveshaft design.

Another major improvémem in process lead time, quality and resources is achieved by the = . . -

creation of system level design rules. In the new "to-be” process suspension design starts with -

input from driveline in the form of a system. léve_l design rule that states the.required axle pinion
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+ |Run Ao wing up mst on protonpe verictes

travel pattern to enable optimal 2" order NVH performance. The suspension hard points and
spring design dictate how the rear axle pinion will travel as the suspension moves between full
jounce and full rebound. The driveline engineers will have input into these suspension design
parameters where the driveline engineers previously assumed that axle pinion travel patterns was

a pure input.

The new to-be DSM created by process improvements that do not require any capital investment
is shown in figure 6.9. The process, resource and product quality imprcvements were mostly
_achieved by process restructuring with the addition of new tasks, deletion of some old tasks, and

modification of many tasks.
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Figure 6.9: "To-Be" with No Capital Investment DSM Structure

. The "to be with no capital investment" process was simulated using the excel macro discussed
earlier in this chapter. Figure 6.10 represents a histogram summarizing the "to-be with no
capital investment” results of a 1000 run Monte Carlo simulation. Using the:"As-Is" DSM
simulation results as the baseline, we are able to achieve approximately 13 percent improvement

in the mean process lead time, 22 percent improvement in process standard deviation, and ten
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percent improvement in the coefficient of variation for the process standard deviation and mean.
These results support the organizational effort to implement all of the process changes outlined

in table 6.3 and listed in the new "to-be with no capital investment" DSM.

To-Be (No Capital InveStment) Proéess Lead Time Histogram
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Figure 6.10: To-Be With No Capital Investment Process Lead Time Histogram - . i

‘6;5.5.2 ""To-Be ivith'Capital'Investment” | |

~ Additional improvements in process lead time, resource requirerhent; and product quality can be
_gained with some capital-invéstrhent'in ‘exp'anded'.CAE capability, purchase of improved desktop
aﬁél‘yitical tools written by outside consultants, development of off-the-shelf hardware solutions
'with suppliers, and the expanding the éap_abilities of the current driVeline N\‘/'H‘rig to include 2™

order NVH data collection. The impr‘oveménts are summarized in table 6.4 above.

In the "As-Is" DSM, the task "Formulate center bearing bracket height & angle and axle pinion
strategy" is a critical input. The output from this task feeds design parameter decisions for axles,
suspension, frame, driveshaft and powertrain. The process lead time to formulate the strategy .
- can be drastically reduced with the creation of an LT Drive application macro that automates the
“"driveline angle optimization" task. Also, the strategy creation task time can be drastically
reduced by expanding LT Drive to include automated multi-attribute trade-off analysis*y’ -

~ capability. Multi-attribute trade-off analysis will be discussed in chapter seven. -
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After leveraging desktop analysis tools, such as LT Drive, early in the design process, the
capability of current vehicle level NVH CAE tools can be expanded to include 2" order NVH
analysis. This would enable vehicle engineering to cascade realistic 2™ order NVH targets to
driveline, the owner of this attribute. Currently, in the "As-Is" process, generic maximum o
order force targets are used in the development of the driveline, suspension, powertrain, and
frame driveline parameters that control 2" order NVH. The CAE vehicle model used for NVH
analysis could predict the likely vehicle sensitivity to 2™ order inputs. This CAE vehicle model

~would improve attribute management across organizational lines as well as target cascading.

Finally, significant process improvement can be achieved by adding a hardware rig test phase.
This hardware rig test would occur on the current driveline NVH rig which would have to be
modified to achieve 2™ order NVH test and analysis capabilities. Adding this 2™ order NVH rig
_test phase may seem counter intuitive to reducing process lead tinie because the predicted lead
“time to set up, run the rig test, and analyzc the results is significant. However, the main effect of -
the rig testing is to drastically reduce the probability of rework at 1% VP 2™ order NVH testing.

New Vehicle ieve! 2 order CAE analysis
added to improve attribute target cascade to
drivel.ine subsystem

I S A

T

ey = L 5 8 Probabiiity of rework 1
B s I~ has been significantly 7
o nimdidmmianimioniinind ; " T reduced for All other 1=
S . B feedback deperidency -+
. : L e " TIET T marks (not in planned 17
e amman : L “1T iterative blocks I

b g L1 :

P R ) Tl P
A
Lo B

Ay
Block 3: Driveline

1
b
K
K

=asas:

=
e

LT
Block 1: Driveshafi

design & Max Biock 2: Driveline and ordet desian
Vehicle Speed Angles Defined NVH Rig Tesf” ’
Definition ’

redesign.

Figure 6.11: To-Be with Capital Investment Process DSM
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The "to be with capital investment" process was simulated using the excel macro discussed
earlier in this chapter. Figure 6.12 represents a histogram summarizing the "to-be with capital
investment” results of a 1000 run Monte Carlo simulation. Using the "to be with NO capital
investment” DSM simulation results as the baseline, we are able to achieve approximately 18
percent improvement in the mean process lead time, 30 percent improvement in process standard
deviation, and 14 percent improvement in the coefficient of variation for the process standard
deviation and mean. These results support the potential cost to implement all of the process

changes outlined in Table 6.4 and listed in the new "to-be with capital investment” DSM.

~ To Be with Capital Investment Process Lead Time
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' Figure 6.12: To—B‘e With Capital Investment Process Lead Time Histogram

6.6 Chapter Summary

The DSM method for pfocess modeling proved to be a valuable tool for ir.ﬁproving'the total time
to develop, 1ntegrate and test subsystem design to meet vehicle level attributes that are affected
by many different subsystems The apphcatlon of the DSM methods for process modelmJg and

: 1mprovement was able to create a predicted 30% reduction in average engineering time dedlcated
to meeting g order NVH attribute performance targets and a 45% reductlon in lead time
variation. However, the DSM creation process is time consuming and requxred expertise in the

DSM method itself as well as in the process under study. Therefore, the DSM method for
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process modeling is recommended only for those vehicle level attributes deemed as "high
-impact." Again "high impact” attributes are defined as attributes that have caused significant

launch issues in the past or are causing high incidence of warranty claims. .

Figure 6.13 shows a high level flow diagram of the "To-Be" process. This flow diagram omits
more detailed tasks from the DSM to relay the flow of information in the new proposed process.
The black arrows represent feed forward information flow. The red arrows represent feed back -
information flow. The thickness of the red feed back arrows is used tb represent the relative
probability of rework for these feed back loops. Looking at this figure we sec that there are no
large iterative loops with a significant probability of rework. Large iterative loops have béen
"torn" by the addition of early cross functional communication meetings and early design
'assumptions. An éxample of a large iterative loop is the driveshaft design loop. Early
assumptions about suspénsion travel and 2™ order vehicle sensitivity enable the creation of an-
early "2 Order NVH Force Analytical Tool Database." This early and accﬁrate database: of |
suspensioﬁ travel and 2™ order force predictions enables a high confidence driveshaft deéign
earlier in the program. Alsd, frequent iteration between driveshaft and powertrain bending CAE
has been reduced with the use of desktop powertrain bending analytical tools. The probability-of
rework at 1% VP testing has also been signiﬁcantly reduced witﬁ the addition of driveline 2™ | ,

“order NVH rig testing. Note that a more detailed account of the process chémges and. efféct on
rework loops and rework probablhtv can be found by studying the 'To Be" Process DSM

* presented in figure 6 11
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7. ATTRIBUTE OWNERSHIP & CONTROL, TRADE-OFF AND
CASCADE .

In this section, a high level overview cf current attribute target ownership and control, trade-off
processes, decomposition and cascading at NA OEM is introduced. Current attribute
management processes, organizational and cultural issues are discussed. A systems engineering
approach to attributes ownership and control, trade-off, decomposition and cascade is introduced.
The implementation of a knowledge based tool for documenting attribute interadions is
explored. The research in this chapfer segues to fnture research on the topic of system level
attribute trade-off , decomposition and cascade within various product development organizations
and the potential effect of a systems engineering approach on attribute tra_de-eff, decomposition

and cascade.

7.1. Attribute Types

Different vehicle level attributes are affected by different numbers of first order subsystems and
design parameters, designed by engineers in different organizations. Consequently, attribute
management approaches must be tailored to the attribute. For the sake of this thesis, we
distinguish between three types of vehicle level attributes. These three types of attributes are
depicted in figure 7.1. '

We define "high level" attributes as those attributes that involve most or all major subsystems.

- Examples of "high level” attributes are cost, weight, fuel economy, NVH, vehicle dynamics,
durability, and safety. Some "high level” attributes such as cost, weight and durability can be

. "decomposed” hierarchically from system, to subsystem and component levels because they truly
are the "sum of its parts." Other "high level” attributes such as NVH and nehicle dynamics
cannot be simply decomposed hierarchically because the subsystem designs that deliver these
attributes are extremely coupled. "High level” attributes are caned at the vehicle level by vehicle
engineers and managed by Program Atiribute Teams that fall under the \}ehicle engineering

_ organization. Nevertheless, their achievement involves many engineers in many organizations

and requires active management.
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We define "mid level" attributes as those whose response is dependent on design parameters
controlled by three or more major subsystems. Management of these attributes is of particular
interest because these attributes are sig'niﬁcantly cross functional but are sometimes owned at the
subsystem level. 2" order NVH, the focus. of this thesis;cén be considered a "mid level" vehicle -
attribute being owned by driveline but influenced by design parameters controlled by powertrain,
transmission, frame, and suspension. A principal aim.of the DSM study in Chapter 6 is to

improve management of this kind of attribute.

We define "low level" vehicle attributes as those whose response is dependent on design
parameters controlled by only one or two major vehicle subsystems. These vehicle attributes are
always owned at the subsystem level. Examples of "low level" vehicle attributes are seat
comfort, dash panel appearance and brake noise. There are hundreds of these "low level" vehicle
attributes. These attributes are usually managed by subsystem integration engineers. Figure 7.1
shows all of the major vehicle subsystems and gives examples of high, mid and low level

attributes.

Mid-Level Attribute:

Example: 2" order
NVH.

Controlled by Frame,
Driveline, Powertrain &
Suspension

High-Level Attribute:
Example: Safety

Low-Level Attribute:

Example: Seat Comfo}t‘
Controlled by all major

vehicle subsystems Controlled by Interior

Figure 7.1: The Major Vehicle Subsystems and Three Types of Attributes ‘Depicted



7.2. Attributes Management at NA OEM

7.2.1 Attribute Ownership and Control at NA OEM

AtNA OEM; high level attributes are owned by Program Attribute Teams (PATs). This
ownership means that the PATSs are responsible for ensuring that attribute targets are met. Mid
level attributes are owned either at the vehicle or subsystem level depending upon the nature and
impact of the attribute. Low level attributes are always owned at the subsystem organization
1eve1 A PAT is assigned to each individual high level vehicle attrlbute The PATs are part of

,‘ the vehicle engmeenng (VE) organization at NA OEM. Each PAT is asmgned a PAT leader who
takes on the leadership role for ensuring the PAT delivers its attribute targets while being
cognizant of trade-offs with other attributes. The PATs own the attribute, yet do not control any
of the subsystem designs. ’Thus, it is critical for PAT engineers to build strong working
relationships with the subsystem organizations that control their attribute. Within the NA OEM

- PD organization, the PATs and the subsystem engineers are under completely different

| management chains that are only joined at the vice president level. Thus, attribute success
depends on strong lines of communication across reporting chains. Clnse nrnximity,

. geographicelly, between the PAT and the subsystems that control their attrib‘ute provides an
advantage as face to face meetings are imperative for the current attributes management process.
The details of this process will be discussed later in this chapter. A list of the high level
attributes that are assigned to PATSs is shown in Table 7.1. The PATs are res_non‘sible for, and

thus own, performance delivery of these high level vehlcle attributes.

High Level" Vehicle Attnbutes

[Design 4 |Aerodynamics
|Manufacturing = [Heat Management
Perceived Quality/Craftsmanship % z [Payload
Performance Feel &= ¥ |Towing Dynamics
Shift Quality ) Off Road
Powertrain NVH Service/Accessories
z Interior {Body/Chassis) NVH . Service Cost of Ownership
< |Windnoise Package
Squeak & Rattle ) Ergonomics
. |Vehicle Durability Seat Comfort
o 8 |Ride - Climate Control
£ 'S |Handing / Traction Safety
= & [Steering Security
Brakes Electrical /Electronic Features
Fue! Economy Vi Core Atributes
Emissions
Powertrain Cooling

Table 7.1: List of High Level Vehicle Attributés -
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As discussed previously, the mid and low level attributes are usually owned at the subsystem
level but are often controlled by more than one subsystem. Thus, the subsystem that owns the
attribute has the responsibility to maintain strong lines of communication with all of the
controlling subsystems. As in the example of 2™ order NVH, most of the controlling subsystems
fall under different management chains. Disputes with attribute and design trade-offs often
occur between the organizations that control and the organizations that own various attributes.
Thus, attribute prioritization at the mid and low level is -imperativé to successful trade-off and
management of these attributes. Approaches to attribute prioritization and trade-off of these mid

and low level attributes will be discussed later in this chapter.

7.2.2 High Level Attribute Trade-off Process at NA OEM
At the beginning of a new vehicle program, an overall attribute priority rating is assigned to each
high level attribute. This attribute priority rating is based on a program attribute leadership

strategy devised by marketing and benchmarking research. In this program strategy, each

"non "n

attribute is categorized as being "leadership,” "among the leaders," "competitive," or
“uncompetitive” for that particular vehicle program. A "leadership” attribute priority rating
means the attribute should set the vehicle brand apart from other competitofs. On the other hand,
those attributes categorized as "uncompetitive" are not relevant to Supporting the vehicle brand
and should be met at the lowest possible cost. This priority rating is intended to facilitate trade-
offs between attributes. The PAT leader is responsible for setting attribute targets that achieve
the program attribute leadership strategy. However, these attribute targéts must be compatible
with other attribute targets as well as with quality, cost, weight and functional targets. The PAT
leader is also responsible for developing plans for the tests required to verify attribute -

performance.

New PDS adopted attribute management methbdblogies that have been proven successful at an
overseas partner OEM. Surprisingly, these methodologieé do not incl‘ude complex technical
trade-off tools such as "Multi-Attribute Trade-Off Analysis" and "multi-variable system

‘ optixhizaﬁon," methods that will be discussed later in this chapter. A New PDS Attributes Expert
stated that technical attribute trade-off analytical tools such as those used in the aerospace and

defense industry were once implemented at NA OEM but were proven unsuccessful. The failure
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of these tools was due in part to poor engineering confidence in the pure numerical quantitative
results. An NVH PAT leader familiar with the failed attempt at a formalized computational
system for high level attribute trade-off said that the system was "a disaster." He stated that this
system at_tempted to trade-off and optimize too many parameters at one time. He said that some
of the inputs into the system were low quality due to inexperienced engineers and due to
engineers "playing" the system. Engineers could falsely weight their attributes leading to faulty
trade-off results. He said that the output of the system was rarely trusted because there was not a
good understanding for the output results. All PAT engineers interviewed expressed disapproval
of any pure analytical trade-off tools for high level attributes that involve hundreds of design
parameters. One engineer stated that with these tools, a deep understanding of the system and

- how it works is often lost as engineers try to rely on-an analytical model to make decisions for
them. Thus, the tool was abandoned by engineers for high level attribute trade-off analysis and
subsystem design selection. As discussed later in this chapter, these analytical tools could

potentially provide value to some mid and low level attribute trade-offs.

- The current attribute trade-off methods that New PDS uses are focused on high leveli attributes
- only. A flowchart of the process is shown in Figure 7.2. Each of the tools named in this figure is
described in the following paragraphs. There are no specific forinalized processes in New PDS

for managing mid and low level attribute trade-offs owned at the subsystem level.
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. ‘Subsystem commercial Benchmarking ' design concepts
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Subsystem design Final : Attributes Tool #3:
concepts verified via <: subsystem <::| Matrix of
- .- CAE, bench and rig design concept Attributes and
les,ting. _ . selected ' Major Systems

i)

PAT Attributes trade-off
Meetings

Figure 7.2: High Level Attributes Management Process led by PAT

The Nevy PDS method for high level attribute trade-off Vmanagement is hased on subsystem '. ,,
design space exploration followed by controlled concept convergence assisted by bspreadsheets .
that aim to ali gn subsystem design concepts with attribute and functional targets. The New PDS
process used at NA OEM mirrors the "Pugh Method" or "Decision-Matrix" method for concept
generation and convergence. The Pugh Method is a framework for engineering design concept
selection. This method requires that a team produce as many desrgn concepts as possrble The |
total number of concepts is then narrowed expanded again, and then narrowed untll the team
converges on the best poss1ble desrgn solutlon The best desrgn solutlon is often a hybrid of 7
several original 1deas thus emphasmng the importance of the iterative expanding and narrowmg

~ of the list of des1gn concepts The Pugh Method analyzes and then narrows the list of de31gn '

concepts by use of a "Pugh Matrix." The matnx lists all concepts agamst system requ1rements

and makes quantltatlve compansons of each concept to a chosen basehne de81gn Each conccpt N

is rated against the baselme desrgn for each system requrrement F1 gure 7.3 depicts controlled
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concept convergence process. Figure 7.4 is an example of a decision matrix used to

quantitatively assess each design concept. [Pugh, 1991]
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. Figure 7.3: Pugh Concept Generation and Controlled Convergénce [Source: Pugh, 1991]
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Figure 7.4: Example Decision Matrix for Concepts compared to haseline {Source: Pugh, 1991]
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NA OEM New PDS requires that PAT leaders use three spreadsheets to manage their vehicle:
level attributes. The first spreadsheet used is the "Attribute System Requirements Document.” |
This spreadsheet is created for each vehicle attribute and is pdpulated with multiple alternative
Subsystem design actions to deliver each attribute's targets. Th_e inputs into this spreadshee’t‘aré
the Program Attribute Leadership Strategy for that attribute, bénéhmarking data, brand DNA
(discussed in chapter 3), and progrém targets. Th1s s'preaidsheet is teépdnsible for documenting a
" comprehensiVe liét of propoéed subsystem design changés to achieve that attribute tafget and the

effect on all other attributes.

At NA OEM, PAT engineers are responsible for having a deep understanding of their attribute. ,
They must know which other attributes are coupled with their attribute by common subsystem |
design pérameters and they must understand the impact that their design decisions make on dther
attributes. The Attribute Systems Requirements Document, discussed above, requires that the
attribute engineer paired with subsystem engineers indicate which attributes might be affected by
their design actions. However, currently there is no formalized system documenting these
interactions. Some documentation exists to help PAT engineers. This documentation includes
design rules and quality history documents. However, most of the knowledge exists only in the
minds of experienced PAT engineers. One NVH PAT leader stated that NVH PAT engineers
must be able to create fishbone diagramé for their vehicle attribute that depict all désigh
parameters thaf -affect‘ their attribute. However, thesé fishbone diagrams are not a formal PAT
attribute management tool and they exist "niainly in the engineer’s head. Figure 7.5 shows an
example of a fishbone diagram. A ﬁshbone_diégrém can also be referred to as a "cause and
effect” diagram or an Ishikawa Diagram, named after the originatof. 1In a fishbone diagram, the
effect undér study,' in our case, the attribute, is represented as the head of the diagram.

Stemming from main body of the diagram are the bones which represent the causes of that effect;._
Each main bone can have additional bones .stemmi'ng from it represénti_ng a finer level of detail |

of the causes.
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. Suspension zpring rate

Cardan U-joint Angles at trans, CB & \\ Susper.sion rardpoints

rear axle in all suspension positions Tranzmission or transier case

cutput architecture

Dyiveshaft architecture

Figure 7.5: Example Causes of Powertrain NVH Fishbone diagram

The second spreadsheet used by PAT engineers is the "Trutial Subsystem Design Concepts';
spreadsheet. This spfeadshec—;t is similar to the Pugh Decision matrix shown in figure 7.4 and is
_created for each major subsystem that is new or modified for that vehicle program. This
spreadsheet documents all design concept alternatives for a single subsystem that the PAT
--engineers and subsequent subsystem design engineers recommend will achieve the attribute
. targets. It then lists these concepts against the quality; cost, weight, functional and attribute
requirements and ranks each concept’s performance to these requirements against a chiosen

baseline design.

The third spreadsheet in the attribite management process is the "Matrix of Attributes and Major

- Systems." This spreadsheet forces the PAT and subsystem design engineers to select the best
design concepts available and present these concepts to the progi arn for final approval. Each of
the concepts is presented in this mattix and is crbss-rcfeljem_:ed with bench mark vehicles and all

- program quality, cost, weight, functiona! and attribute :equir%zni.cﬁ{s. This matrix serves as the

- critical decision tool for finai subsystem design concept selection. A simplified example is

shown in figure 7.3.1.
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Figurev7.3.1: 'Simp'li'ﬁed Sample Matrix of Attributes and Major Systems

After a subsystem concept is selected that aligns with attribute targets, the "The
VFunctionalllAttributé Plan" is created to permit assessment of functional and attribute

requifemehts ﬁsing‘eérly devélopment tools such as CAD, ,CAE' and rig.testing. :

The entire'procéés of high level attribute trade-off, described in this section, takes place at the
beginning of the pfoduct cycle plan. This process spans over a'pe‘riod of six months and is

intended to be complete by the program target cpmpatibilit_y milestone.

The formahzed process for attnbute trade off dcscnbed above is used for high level atmbutes |
only. Section 7.2.3.of this chapter will dlSCllSS the much less formahzed processes used for mld '

~ and low level attributes such as 2 order NVH, the focus of thls the51s

If design conflicts occur between coupled attributes, .th.ese conflicts are resolved in a weekly
meeting forum where all of the PAT leaders meet to ensure that the subsystem designs they are
choosing ’to deliver their attribute targets are compatible. At thiS meeting design trade-offs are
made via vis-a-vis dj:cﬁssion and negotiation. Complex analytiéal trade-off tools are not used.
7.2.3 Mid and Low Level Attribute Trade-Off Processes at NA OEM -
New PDS does not outline formal 'process‘e's for attribute prioritization and trade-off for mid and
low level attributes owned at.thé subsysiem level. Therefore, difficulty is encountered when -
attribute trade-offs ﬁeed to be negotieited‘bé.tween subsystems without the leadership of a PAT.
For example, as discﬁssed in chapters four and six, 2™ order NVH, owned by the driveline

subsystem team, can|be improved if suspension hard points are set such that the ideal axle pinion
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angle is achieved at all suspension travel locations. However, high level vehicle dynamics
attributes usually dominate suspension hard point decisions. Analytical trade-off tools can
.provide an advantage to driveline, the owner of 2" order NVH, when making a case with the
suspension engineers to allow driveline to have some influence over the suspension hard point
design space. However, these tools would not remove the dominance of higher priority

attributes.

"It is critical for subsystems organizations, such as driveline, owning mid and low level vehicle
attributes, to establish formalized communication _with,all subsysiems that control the
. performance. of that attribute. It 1s also important that the subsystems, such as driveline, that cwn
- cross-functional attributes do not assume that inputs from other subsystems cannot be adjusted to
improve the attributes they own. Analytical trade-off tools can be used to assist in trade-off
_between two or three attributes. In the case of 2 order NVH, anélytical tools can be used to
- prove that vehicle dynarmics performance can be maintained while 24 order NVH is improved.

- Thus a more optimum solutlon can be found. Later in this chapter we discuss in morg detail the

- specific-systems engineering analytical tools that can be used for mid and’ low level attribute

: Vtrade-off when deahng with only a few design parameters at one time. We will alse discuss the
need for subsystem engineers to understand which other subsystems influence the performance

- of the mid and low level vehicle attributes that they own. Currently, 2 single source of formal

" docu_mentat;on of subsystem parameter effects on mid and low level attributes does not exist.

This type of knowledge base may serve as a useful toci for engineers at the subsystem level

- owning mid and low level attributes. The a Ofde: NVH DSM discussed in chapter six was

shown to be a powerful systems engineering method for capfurihg knowledge of subsystem

parameter effects on attributes.

7.2.4 Attribute Target Decomposiﬁon and Cascading Process at NA OEM
. Once high level vehicle attribute irade-offs have occ;uned and targets atc set, the vehicle level

_attribute targets must be decomposed into compatible subsystem attribute targets and cascaded to

- . these controlling subsystems. For example, ond Order NVH targets are a result of vehicle level

- NVH targets bemg decomposed and cascaded to powertram aqd then powertrain ! ’\’VH targetq

being decomp%ed and cascaded to driveline. The driveline recelva many NVH attribute targets
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-from the powertrain NVH PAT team, one of which is a target for 2" order NVH. Attribute
decomposition involves the process of resolving a vehicle level attribute target into constituent
subsystem level attribute targets such that if the subsystem level targets are met, the vehicle will |

. meet the system level attribute target once the subsystems are integrated. At NA OEM, high

level vehicle system attribute target decomposmon into subsystem and component level targets

. varies from attribute to attribute

If the subsystem design parameters that define the attribute have a high degree of independence
or non-interaction, the attribute target is decomposed hierarchically. _Hierarchical decomposition
of an attribute target means that 4 single system level attribute target can be divided up into sub-
attribute targets and cascaded to subsystem such that the-sum of the subsystem level sub-attribute
- targets equals the single vehicle level attribute target. For example, the target for the vehicle
level attribute weight is decomposed and cascaded down to the subsystem level in the same way
- NA OEM decomposes their functional engineering organiaation.‘ Weight targets are decomposed
hierarchically into the subsystem level because the subsystems that define total vehicle weight
are relatively independent. However, some degree of subsystem interdependence exists for
weight and a trade-off exercise is performed _prior to weight target cascade to subsystems. For
example, th-e 4x4 subsystem weight can be drastically reduced by changing from a mechanical
shift-on-the- -fly to an electrical- shlft-on the ﬂy However the powertraln controls wei ght will .

* have to increase shghtly to accommodate for anew controller module.

~ The decomposition of other attr:i'bute-targets, however, such.as NVH target's',v is not -

~ predominantly hierarchical because the subSystems that detine vehicle level NVH response are
highly coupled or inter-dependent. Decisions made by many organizations combine to yield the
final attribute in complex ways that are independent of the way NA OEM decomposes its

~functional engmeerrng orgamzation The current decomposmon of vehicle level NVH attribute

targets to first and second levels at NA-OEM is discussed in thls section. .
' 7.2.5 Vehicle NVH Attribute Decomposmon and Cascade -

At NA OEM, vehicle level NVH is immediately d1v1ded 1into the- mam sources that contribute to

overall vehicle NVH. These main sources are discussed in section 7.2.5.1. Vehicle NVH is
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controlled by subsystems that are either categorized as the source, transfer path/amplifier or-

receiver. At NA OEM, vehicle NVH attribute targets are eventually decomposed into forcing

function, magnitude, transfer path sensitivity, damping, and resonant frequency targets in the

- form of subsystemlcompoﬁent functional targets or design parameter specifications.

: Decofnposed targets are cascaded to subsystem clusters or individual subsystems owning and

-controlling the source, transfer path/amnplification and/or receiver. These targets are comprised of

allowed maximum noise levels in decibels, frequency ranges in Hertz, and resonant frequency

ranges Hertz.

7.2.5.1 First Level NVH Attribute Decomposition

At the first level of vehicle NVH decomposition, vehiéle NVH is dczc:ompésed. into eight major

- NVH sub-attributes. These eight major NVH sub-attributes are listed and described in table 7.2

Vehicle level PAT engineers are required to coordinate the highly cross-functional nature of

. these NVH attributes. The various NVH PAT engineers work closely with each other because

these eight NVH sources are coupled and trade-offs are often needed.

NVH Sub-Attribute -

Description

Road NVH All NVH due te road sulface irregularities & tire-wheel imperfections
| Wind Noise ‘| Any noise caused by air movement around the vehicle.
Powertrain NVH All noise and vibration due to the powertrain and also including Idle NVH,
' acceleratior: and deceleration NV , shift quality, power assisted steering and
1 driveline forces.
| Brake NVH * " "Brake roughness felt at the steering wheel & pedals and brake squeal o
‘Squeak is high pitched broadband transient noise caused by rubbing between

| Squeak and Rattle

two surfaces. Rattie is random trdns1ent nmses causes by 1mpacts between two

surfaces.

Component Sound
-Quality

The level and character of the sound generated by the operation of closures,
windshield wipers, adjustinent motors, power locks and switches.

| Pass-by-noise

The noise sent by the vehicle to the environment.

Isolation from Exterior :

| Sound

Sound level in the interior of the vehicle caused by traffic noise, water splash
and fuel slosh.

Table 7.2: Major NVH Sub-Attributes [Source: NA OEM 2007}

7.2.5.2 Second Level NVH Attribute Decomposition

At the second level of NVH target decomposition, each of the eight major NVH attributes is

. decomposcd into subsystem cluster level targeis often named after how the NVH phenomenon is
experienced. by the vehicle passengers or by the InaJor sub%yslem that owns Lhe forcmg function.

‘For example, the powertrain NVH sub-attribute is broken down into many NVH attnbutg:s,. some
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- . tip-out clunk." At this level, NVH attribute target values are assighed to-each of the NVH

of which include "acceleration and deceleration NVH" "idle NVH," "driveline NVH" and "tip-in,

- phenomena. These targets are derived directly from customer inputs-at this' level. Some ¢f these

- attribute targets are in the form of objective measures such as frequency and sound level. | Others

are in the form of more nebulous subjective ratings based on engineering judgment. The

subjeetive rating system used for many NVH attributes at this level pose issues that will be -

"+ --discussed further in this chapter.- :-- - -«

7.2.5.3 Third and Further Level NVH Target Decomposition - _
. . ‘At the third level of NVH attribute decomposition, NVH subsystem cluster level targets are
-+« décomposed into- specific functional.targets for .the sour.ce;' transferpath/ampliﬁer, and rece_iyer
i Subsy‘s‘te.ins. Figure 7.6 shows the basic framework for NVH attribute target decomposition at. -
NA OEM. These targets are derived ’from a deep understanding of the NVH phenomena. At NA
* . OEM, subsystem and component level attribute targets are derivedfrom several sources. These =

sources -inctude lessons learned, CAE analysis, and design guides. -These targets are cascaded to

o the appropriate engineering team by an attribute requirements database as well as with "Program.

' 'Health Charts " Both of these tools will be. dlscussed inthe ] next sectron that discusses the
: ’_attnbute target cascade process at NA OEM Flgure 7 6 also shows that the 2nd Order NVH ,
» attnbute target has not yet been formally decomposed 1nto subsystem level targets and cascaded o

' to the appropnate subsystems at NA OEM Th1s was dlscovered when creatmg the 2“d Order |

- Attrlbutes Management process "“as-is' DSM and many of the process 1mprovements

o ‘;ncorporated into the "to- be process DSM 1nc1ude the formahzatlon of subsystem level attnbute ‘

targets that enable vehlcle 2. order NVH targets to be met
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~Flgure 1.6: Vehlcle WH Dec'ympcqu)n fx om ngh Level Atfubute to Component Spec;ﬁvdtmn |

7.2.54 T arget Cascade Process and Tools at NA OEM

NA OEM uses specnﬁc too]s to eas«.dde targets. from high level vehlcle dttrlbutes down to

| oubsystem and component lev e] functional requlrements deslgn specifications and

'.mdnufactunn g capability rﬂqmrement‘? One tool used to capture all generic attnbute

'-requlrements is a single common database where repom can-be pulled to find reqmrement%

.down to the sub«ystem and ’*omponcnt R‘vel for each of the eight major NVH tspes Dmgram

speuhc requxrements are cascaded down at each level by a cascade tool that consists of a

tabulated spreadsheet that Contams mtormatmn on attribuic tar get values functional

requirements and in qome cases, deblg,n spec;ﬁc atlonc These cascade documents are referred

to as "Progmm Health (‘hdrts" and are the core of program attnbute cascade .
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- 13 Current Issues with NA OEM New PDS Attribute‘ Management Processes

After interviews with New PDS process experts, PAT leaders and subsystemn engineers, it
. becameappar-cn't‘ tha'tattribute ‘management challenges-exist within the New PDS process. © =~
Engineers-at NA OEM were finding issues with attribute ownershrp and control, trade off and

cascade Some spec1ﬁc 1ssues uncovered are drscussed in this section.

C One issue h1 ghlrghted was the fact that attnbutes were allowed to be mdependently optlmrzed

o w1thout regard for the: effect on other attnbutes PAT leaders may attempt to 1ndependently

' opnmlze thelr own attrlbute at the expense of other attrlbutes even if their attribute has beent

o givena IOWer prlonty Thrs mdependent optrmrzatlon occurs’ because the current culture at NA S

B 'OEM réwards PAT engmeers based upon thé performance of their attribute aloné and does not -

- factor in necessary trade- offs Another issue that surfaced during mterv1ews is that there is nota =~ -

clear understandmg of how attnbutes are coupled via subsystem design parameters ThlS lackof -

_engmeenng knowledge existed at both the system and subsystem level. System level engmeers SR

- ’such as VE PAT engrneers do not fully understand all of the subsystem desrgn decrsrons that -

» '1mpacts of therr des1gns S

Yet another issue identified is that the cirrent culfare and suboptimalv'proeesses within NA OEM =~ "

"PD force subsystem engrneers to dlscount the 1mportance of the initial desrgn concept generatton‘ '

- _phase and mstead focus therr ime on 1%VP, 2 VP or launch issues for other programs.

‘ }Subsystem englneers cannot expend the effort requrred early ina program 10 generate enou gh ‘
| des1gn concepts to enable a robust attnbutes trade off exercise. Moreover, the current culture at '
'NA OEM encourages PAT engmeers to hide early vehrcle level attribute problems In this

- culture, PAT englneers may be forced to state to management that their targets will be met

wrthout real regard to subsystem desrgn concept shortcormngs or necessary attnbute target tradé-

" offs. This type of issue is.mos} often seen with attribute performance VS. cost trade-offs. Often- -
- the high cost of design solutions that: meet overly. ambmous or mﬂexrble attribute targets does

not surface tintil later in the program
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Issues with target deoomposrtron and cascade also exist. 'NVH attribute engineers point out that

some NVH attributes targets are defined 1n terms of subjective ratings that can vary from

- . engineer to engineer. The subjective ratmg is subject to individual engineer's oplmons These

attribute targets need to be better understood and ass1gned objective quantitative values. The

. most prevalent issues 1n target dccornpomtron and cascade stem from a lack of understar\dmg of

all subsystem design parameters that contrlbute 02 specrf'c NVH phenomenon.

- 7.4 A Systems Engineering Framework for, Attribute Management

7.4.1. A Systems Engineering Approach to Attribute Ownership & Control

_ For high level attributes owned by PATs, subsystern engineers that control the performance of

these attributes must become engaged in the design process eady In dddrtmn the subsystem
engineecrs must fully understand the 1rnp11cat10ns of their des1gn decisions on the peﬁormance of
high level vehlcle attributes. Often, early in the program these subwstem engmeers focus on
delivering the performance requirements of their subsystem. For example, ‘a‘ driveshaft engineer
may focus on selecting a driveshaft design concept that Will'lihely"ﬁleet subsystem level |

functional requirements such as maximum torque, powertrain bending, joint articulation and

- axial pluhge requirements. The driveshaft engineer may be less likely to engage in the design

~ concept generation exercises with the PATs requrred to meet hrgh level vehrcle attnbute

requlrements This is due in part to a lack of understandmg of how théir desi gn decisions dffert

_vehlcle level attributes. Both an understandlng of attribute ownershrp and control and a robust

cascade of vehicle level attribute requrrements to the subsystem level plays a cnrtcal role in

: ensunng subsystem engmeers make dcsrgn decmons based on system level dttrlbLteb In thls

section we will dlscuss how awareness of attnbute ownershlp and control can be better promoted
at NA OEM.

: The systems approach recommendation after mtervrew~ with PAT and subsystem en gmeers is

two fold. Frrst DSM tools can be used to assr&t in awareness of attubute ownershlp and control

Second, NA OEM PD process and culture must be dehberate] y modified to promote subsvstem |

~engineering involvement early in the program when des1gn coneepts are bemgsehr,ted to meet

attribute targets.



Attribute engineers such as PAT engineers must understand the subsystems that control the .
vehicle level attribute they own. Subsequently, subsystem engineers must understand the- impact
of their design decisions on over all Vehicle attribute performance, cost and quality. Here we
find the DSM is a useful systems engineering‘knowledge capture method._ A DSM can b
created to map attributes as a function of-subsystems 'Engineers reading the DSM could .
1mmed1ately see Wthh subsystems control an attribute’s performance The recommended
process would be to create a generic Attrlbute/Subsystem DSM that displays typlcal
dependencies between attributes and subsystems. Then, at the beginning of a new program, the '
generic DSM could be modified into a program specific DSM capturing unique dependencies for
the specific vehicle architecture. This program specific DSM could also relay information -
beyond simple dependencies such as names and contact information of owning and controlling
engineers and 1nformat10n about the type and strength of the dependency Th1s document should ‘
be available on the shared site for the program so that all engmeers on the program can access |
. this tool at any time. Flgure 7.7 depicts the Attribute/Subsystem DSM and figure 7.8 depicts the

recommended process for managing this recommended systems engineering tool.
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Figure 7.7: Proposed Attributes/Subsystem Dependency Structure Matrix - -
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Figure 7.8: Proposed Process for Documenting PAT Attribute Ownership & Subsystem Control

Knowledge capture tools, such as the recommended Attribute/Subsystem DSM, can be created
and maintained. However, these tools will not impact the qualiiy of the process or product
unless process improvements coupled with cultural changes occur at NA OEM. When
questioned about why attribute management issues are still occurring with New PDS, the
majority of the PAT and VE engineers responses indicated a cultural issue. The system level
PAT and VE engineers indicated a lack of response from subsystem engineers early in the
program dﬁring the critical stages of design concept generation. ,Subséquently, when questioned
about attribute management issues, the majority of the subsystem engineers' responses indicated
workload issues. Most subsystem engineers are working on three or more simultaneous
programs and thus most of their attention is diverted first to the program that is about to launch
and next to the programs at the 1 or 2™ VP build and test phase. Consequently, programs in the
. early stages(of.ten get "put on the back Bumer" because there are more pressing programs to work

-on.with many "fires to fight."

As PD resources continue to be reduced due to corporate competitive strategies, single engineers

will continue to work on multiple programs. Thus, PD process improvement becomes critical for
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subsystem engineering success. Methods like the task-based DSM for the attributes management
process analysis, highlighted throughout this thesis, must be used to study the process, identify
waste, and reduce total task time and rework. These process improvements will enable system

level engineers to increase engineering efforts at the beginning of New PDS process.

7.4.2 A Systems Engineéring Apprdach to Attribute Trade-Off Decisions ,

In chapter three, section three, we brieﬂy introduced the concept of attribute prioritization.
Attributes should be prioritized in order for subsystem engineers and decision makers to perform
attribute trade-off studies and choose appropriate design solutions. The vector of design
parameters that defines a specific design solution has associated resulting attribute values. Two
or more of these attributes may depend on common design parameters. So, the question exists,
which attribute -should dominate the values of the shared design parameters? A simple example
of this conflict between attributes is seen between 2" order NVH and vehicle dynamics
attributes. 2™ order NVH is dependent on spring rate, as spring rate affects axle pinion wind-up
under high torque applications. A higher spring rate improves 2*® order NVH because there is
less axle pinion wind-up under high torque applications. However, the suspension engineering
| team never bases their spring rate decisions on 2™ order NVH effect. In thlS case, vehicle
dynamics attributes take précedcnce over 2“4 order NVH when it comes to defining spring rate. .
However, this simplistic method of simple attribute prioritization often artificially limits the
design space for many attributes. A design solution oﬁen exists that maintains acceptablé values
of the dominant attributé, yet improves other vehicle level attributes at the same time. In section
7.4.2.2, we will see how two or more attribute responses can be pldtted vs. various design ‘
solutions and a Pareto Frontier can be developed where any solution not on the Pareto Frontier
will be less desirable. In this case, multi-attribute trade-off analysis can offer value because only
a few attributes are being studied and the transfer function that defines the attribute performance
in terms of design parameters can be defined. Therefore, this type of analytical attribute trade- o
off analyéis wbuld be feasible as opposed to the more complex attribute trade-off analyses that

were previously rejected by systems engineers at NA OEM.

In chapter six, the proposed "to-be" 2™ Order NVH process included hew concurrent enginéering

~ between driveline and suspension engineering early in the program. The purpose of the early
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~ concurrent engineering between driveline and suspension was to explore the available design -
space for suspension travel and then make trade-offs between ride and handling and 2™ order
NVH. These early meetings allow the driveline team to provide input into suspension travel
which would enable 2™ order NVH attribute targets to be met. Previously, the driveline team
assumed that the suspension travel was a fixed input. In the new process, the driveline team has
input into the suspension travel early in the design process to achieve improved 2™ order NVH

response.

In order to perform attribute trade-off exercises, engineers must understand 1) the design
parameters that affect each of the attributes in the trade-off study, 2) how the attributes are
coupled by design parameters, and 3) the function that defines the attribute response in terms of
design parameters. The last item, "understanding the transfer function that defines attribute
response in terms of design parameters” has proven to be the most difficult. Section of 7.4.4 of
this chapter will discuss a suggested attribute knowledge base tool that would map these

relationships.

7.4.2.1 Attribute F. ocused Task Based DSM: Defining Attributes as a Function of Design
Parameters |
Going back to our case study atm'buté focused task based DSM, we find that three types of tasks
emerge, 1) Design Space Negotiations, 2) Design Parameter Setting, 3) Verification. The
attribute focused task based DSM creation process enabled us to discover and document all of
-the cross-functional design parameters that affect 2" order NVH. Due to the fact that this DSM
chﬁsed on only a single attribute we do not see the full picture on attribute coupling. However,
. the DSM creates a useful base for 1) Completely understanding all design parameters that
- describe 2™ order NVH 2) knowing which design parameters are currently assumed as input only
. and-which have feedback loops and 3) knowing which subsystem design parameters may have
conflicting objectives due to higher priority attribute targets. Therefore, the attribute focused
_ task-based DSM serves not only as a process improvement method, but as an excellent tool for
.attribute management improvements. Users of the DSM can quesiion why certain subsystem
- design parameters are accepted as input only to attribute performance and then ask if there is any

available design space for attribute performance improvement by changing these input-only
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parameters. Users of the DSM can also fully define the design parameter variables that define
the attribute. . Thus, this serves as a base for constructing the parametric functional equation

describing the attribute in terms of design parameters.

7.4.2.2 Multi-Attribute Trade-Off Analysis

Although vehicle level engineers at NA OEM discourage the use of technical multi-attribute
trade-off analysis (MATA) tools for high-level attribute trade-off amongst many attributes
controlled by hundreds of design parameters, MATA can be useful when performing attribufe
trade-off analysis at the subsystem level for mid and low level attributes. MATA provides
systems engineers with an analytical tool to identify Pareto Superior options for finalizing a
system design with conflicting attributes. [Tabors & Hornby, 2005] This type of analysis is
most useful when making trade-offs between two or three attributes that share a relatively small
vector of design parameters. This is because the Pareto Frontier of solution sets can be easily
visualized as a frontier curve or as a surface for two or three attributes respectively. The utility
of MATA is that it helps systems engineers explore large design spaces. Even when the total
number of decision variables is deliberately kept low, the ranges of values that each decision

~ variable can take on is large and thus the design space can grow exponentially. MATA helps
tackle this large design space. [El-Rayes & Kandil, 2005] For examble; MATA can be used to
set a vector of common frame, suspension and driveline design parameters such that targets for
dominant attributes such as ride quality are met and at the same time 2™ order NVH is optimized
within the available design space. Many algorithms exist to vary a vector of design parameter
decision variables such that two or three objective functions are optimized to find a Pareto
Optimal Frontier (two attributes) or Surface (three-attributes). This thesis will not go into the
details of the algorithms that identify the Pafeto Optimal Frontier or sﬁrface. Instead, the main
concepts behind MATA and its application to mid and low level vehfcle’ attribute trade-off are

discussed next in this section.

Once decision variables (in this case these are design parameters), objective functions (in this
case minimizing or maximizing attribute performance), and constraints are defined, algorithms
can be used to identify a Pareto Frontier or Surface of design solutions. 'A Pareto Optimal

frontier or surface is defined by decision variable solution sets that maximize or minimize the
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objective functions such that if the value of any of the design parameters is changed and the
solution is not on the frontier, then the solution is inferior, with one or more of the attributes'
performances being degraded. Thus, all solutions along the frontier or on the surface are
considered Pareto Optimal and all should be considered when choosing the final set of decision
variable values. Figure 7.9 is a simple depiction of how the design space for design parameters.
is translated into a performance space by performance objective functions for attributes F1 and
F2.. The objective function in this case is to minimize F1 and F2. The white arrow represents the
transfer function that defines attribﬁte performance in terms of subsystem design parameters.
The Pareto Frontier is created by the design parameter solution sets, in this case values for X1
and X2, that provides an optimized solution for both objective functions where any movement
within the design space away from the Pareto Frontier will degrade one or both of the attributes’
performance. In figure 7.9 we see the Pareto Frontier of the solution space highlighted. As we
move along the Pareto Frontier attribute performance is traded off between attributes F1 and F2.
Thus, it is up to the design team to decide if one attribute takes priority over another. In the
example of figure 7.9, the utopia point would be the (0,0) point for F1 and F2. However, there is
no combination of X1 and X2 that will achieve this point. Instead we have to stay on or behind
the frontier. But there is one or possibly several places on the frontier that are close to this utopia

point and 1t is here that we should seek solutions.

A

Design Space

A
P"‘!

Performance Space

Pareto Fronties

3|

Figure 7.9: Mapping from Design Space to Performance Space with Objective to Minimize F1 and

Minimize F2 [Source: Agrawal et al., 2004]

In order to assure that high priority attribute targets are met, the engineering team performing the

MATA must allow the higher priority attribute to set bounds on the design space for acceptable
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performance. These bounds on acceptable performance, as opposed to a specific value for
acceptable performance, enable the design parameter values to be adjusted, within the bounds,
until other attributes are improved. For example, rather than just assuming that ride quality
controls spring stiffness, one can search for a value of spring stiffness that allows ride quality

targets to be met and reduces the 2™ order NVH attribute response at the same time.

74. 3 A Systems Engmeermg Approach to Attribute Decomposmon and Cascade

T order for system level attribute targets to be decomposed into subsequent subsystem level
attribute targets, the subsystem level design parameters and interfaces controlling the system
level attribute response must be well understood. Knowledge based tools for documenting
subsy.stem‘interactions and design paraméte'r effect on system level attribute performance will be
discussed in the next section. This section will focus on suggested systems engineering methods
for decomposing system level attribute targets into compatible subsystem level attribute targets
and further decomposing these subsystem level attribute targets into component level attribute
targets. It is the responsibility of the vehicle level systems engineers owning the attribute to |
understand how to effectively decompose their attribute target into various compatible subsystem
attribute targets. It is critical for the subsystem leQel attribute targets to be compatible and
aligned with the program’s attribute, quality, cost, weight, and functional targets. An attribute
engineer may force overly ambitious térgets on all of its contributing subsystems, unhecessarily
driving higher product costs and enging:en'ng resources. These overly ambitious targets are not
compatible with program cost targets. It is important to note that it is not the sole responsibility
for the vehicle level engineers to set and cascade aftribute targets. These engineers do not have a
full understanding of subsystém function. Thus, vehicle level engineers must work closely with

subsystem engineers when developing and setting attribute targets.

As discﬁssed in this chapter, specific methods for attribute décomposition vary widely. baéed on
the attribute and the controlling subsystems. Thus, each attribute has to be decomposed on a

case by case snuatlon Only a high level frame work for decomposmon with suggested methods
and tools would be of help to a systems engineer tasked with decomposing a vehicle level target
into subsystem level targets. Systems éngihecring methods and tools exist to assist in the process

of vehicle level attribute target decomposition. A four step framework for attribute
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decomposition and cascade along with suggested systems engineering methods and tools at each

step are presented below and shown in figure 7.11.

The first step in decomposing an attribute target is to identify the subsystems that are responsible -
for controlling that vehicle level attribute. It is these subsystems that will have attribute targets
cascaded to them. Four systems engineering methods that can assist in identifying the
controlling subsystems are Datum Flow (hains, Design of Experiments, Ishikawa Fishbone
Diagram paired with the "Five Whys Method,” and the DSM. These four systems engineering

methods are summarized below:

. Datum Flow Chains: In a Datum Flow Chain (DFC) directional arrows represent a link between
- two parts: The direction of the arrow identifies one part as~haviné the respbnsibility to locate

_ the other part and defines constraints. There are six total degrees of .freedom represented in a
DFC which includes x,y,z directions and three degrce_s of rotation. Figure 7.10 represents an
example DFC for a door. The red lines represent Key Characteristics of the doof and are

equivalent to attributes like fit and finish or closing effort. [Whitney 2004, Noor 2007]

Door Quter Door Inner Latch

1 = Part relationship that defines "Door Closing Effort" Attribute
2 = Part relationship that defines "Fit and Finish" Attribute
Figure 7.10: Example DFC [Source: Whitney, 2004, Noor, 2007]

- In "Mechanical Assemblies: Their Design, Manufacturing and Role in Product Development,”
Daniel Whitﬁey instructs reader on the details of the use of Datum Flow Chains to represent

. mechanical assemblies. Jehanzeb Noor's 2007 MIT Thesis supports the claim that DFC is a

useful attributes management tool. This thesis asserts that DFC could be a potentially useful tool

for attribute decomposition. This is a pow_erful tool for finding the subsystems and components L

* that affect an attribute’s response.
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-Design of Experiments: Design parameter effect on attribute performance can be discovered from
a design of experiments. - This thesis will not go into the details of how to conduct a Design of
‘Experiment. If the reader would like to learn how to conduct and analyze a design of

Experiments the existing literature is abundant.

Ishikawa Fishbone Diagram and "Five Whys Method": Refer to detailed discussion in section.
- 7.2.2. This is another useful tool for identifying attribute dependencie_s_ on subsystem design

parameters.

- -Attribute-Dependency Structure Matrix (also referred to as DSM): Refer to detailed discussion in
" “section 7.4.1. . This tool can play a critical role in documenting lessons leaniedfrom-previous :
programs and communicating subsystem and attribute information between the vehicle system'

~ and functional subsystem engineers. A vehicle engineer tasked with decomposing a vehicle level
" attribute target can use this matrix to determine which subsystems affect the performance of that

vehicle level attribute target based on knowledge gained from previous vehicle programs.

The second step in the prescribed framework for decomposing an attribute target is to determine

a balanced attribute target value for the controlling subsystems. A balanced attribute target is

- defined as a target that is deemed attamable with current available technology and resources and

is deemed compatible with all other cost, functlonal and attrlbute targets. Systems engineers

must look to robust tools to assist in setting balanced target values that can be cascaded to the

appropriate subsystems. The best tool for setting target values early in the program is valid -

, vehicle CAE models. In the case of NVH, the vehicle CAE'Inodel should be used to determine

predicted vehicle sensitivity to NVH forcing function inputs. The transfer function must be well -
understood and accurately represented in the model Subsystem and component resonant

.‘ frequenc1es must be well understood so that appropnate modal alignment avoidance strategies

: bcan be cascaded It is also critical that subsystem/component manufactunng capabilities are

mcluded in the model. Manufactunng variation can drastically change the NVH response of a

s“y:stetn.l ‘Monte Carlo analySis can be performed to ensnr_e acceptable vehicle NVH fesponse .

w1th1n the Inanufécmring cepabllities. For e)';'alnple, l_s-t order NVH targets are cascaded from the .
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vehicle level to driveline. Driveline further decomposes this 1% order NVH target into targets for
the controlling subsystems which are transmission/transfer case, axle and driveshaft. Careful
CAE and Monte Carlo analysis is performed to make sure that balanced 1* order NVH targets
are cascaded to each of these subsystems. If the manufacturing capability for one of these
subsystems only allows a minimum imbalance of 0.4in-oz, then it-would not make sense to -

_ require more stringent imbalance targets for the other systems. This is because the imbalance of
one subsystem such as rear axle can be offset by the imbalance of another subsystem such as
driveshaft. Thus, the goal is to match the imbalance level such that the subsystem imbalances

cancel each other out at the planes of interface.

- The third step in the prescribed attributes decomposition and cascade framework is to cascade
the balanced targets to the appropriate subsystems and components. Cascade tools such as those
used by NA OEM are effective. As discussed NA OEM uses a standard spreadsheet tool for all
attribute cascades. This tool enables a clear expectation and understanding of attribute targets

. and a forum for attribute target negotiation between the system and subsystem engineers. The
final step.is to document all lessons learned to build an attributes knowledge base. A systems

engineering approach to creating an attributes knowledge base is discussed in the next section.
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High Level Framework with Suggested Systems Engineering Methods and
Tools for Attribute Decomposition and Cascade

Datum Flow Chain-Analysis - == 1. Determine

, 'Design of EXperiments - .Subsystem/Components.

shikawa Fishbone Diagram " that contribute to vehicle &y -

& Five Whys . level attribute .
performance
= . ) ' . V
- Vehicle Level CAE Model —> 2. Set balanced targets for
, Subsystem Manufacturing - subsystem/component
“Variation studies ™|~ level performance. [*]

- Monte Carlo Analysis Tools ™=/ -

'

3. Cascade targets to

B Standardlzed Cascade 3

Documentation " ... subsystem/component
levels.
Knowledge Based Y
~ Knowledge Base _
Engineering System' — 4. Document Lessons ¢
Learned

Flgure 7 11 ngh Level Framework w1th Suggested Systems Engmeenng Methods and Tools for |
Attnbute Decomposmon and Cascade

744 A SYstelns Engmeermg Appl"oa.c'l‘t to Attribute Knotvledge Base Management ‘

[NVH Technicat Expert]'s team worked for most of one week before they isolated the culprit‘ -- cz

. component in the drivetrain. Seeking greater durability, engineers had changed the material
without consulting on the NVH implications. [NVH Technical. Expert] was able to recommend an
alternative design specification that could be put in place immediately; the fix was made, and the .

line rolled on. - | ‘ |

-NA OEM

The above quote is one example of the effect of a poor understanding of subsystem level design
effects on vehicle system -.level attributes on product quality A lack of taCit engineering

~ knowledge and/or access to documented engmeenng knowledge is the root cause of this vehlcle ‘ _ i
productlon issue. This suuatlon also hlghhghts a lack of communication between the subsystem
. and system level engineers. In thlS suuatlon a de51gn change was made at the component level

w1thout an. understandmg of the effect on vehlcle level attnbutes and w1thout commumcatlon to
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vehicle system level engineers. The question exists now, can an engineering knowledge based .

tool help prevent situations like that quoted above?

An engineering knowledge based tool that documents and displays subsystem level design
effects on attribute performance could serve to facilitate an understanding and cornmunication’
- between system level vehicle engineers and subsystem functional design engineers. This
knowledge based tool could document the relationship between attribute performance and
subsystem design parameters. - Thus, if a subsystemn/component is being changed, the functional -
design engineer will be able to assess what attributes are affected. Moreover, a system level 1
vehicle engineer would have a high level view of all subsystem design parameters that affect the
performance of the attributes that they own. As mentioned in chapter three, attributes are
coupled by common subsystem design parameter dependencies. Once again, we present a
_representation of attributé (:oﬁpling by subsystem design parameter in figure 7.12. The DSM
could serve as a useful tool to store and depict attribute dependencies on subsystem design
parameters. However, the more comprehensive this DSM becomes the more difficult it would
become to read. An alternative raethod for depicting. parameter-atiribute relati'onships is an
.~ attribute/Subsystem/Design Parameter three dimensional visualization tool. This tool could add- -
value to a Product Development organization. The concept behind such a visualizatior: tool is -
- shown m figure 7;12. This concept would need to be further developed and a software program

created to help show parameter-attribute relationships and attribute coupling.
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@ Vehicle level Attribute 2 =
@ #(S1DP1, S1DP4, S1DP5, S2DP5)

s 2

D¢ )

Vehicle level Attribute 1 =
f(S1DP1, S2DP1, SZDPZ, S2DP5)

S 1

O-®

Figure 7.12: Attribute/Subsystem Dependency and Attribute Coupling Representation
7.5 Chapter Summary

In this chapter we defined high, mid and low level vehicle attributes depending on the total
number of subsystems that contribute to the performance of an attribute. The research at NA -
OEM revealed that formalized attribute management processes exist for high level vehicle
attributes. However, the process of attribute management for mid and low level attributes is not
formalized at NA OEM. This conclusion is consistent with our finding for the mid-level vehicle
attribute known as 2™ order NVH discussed throughout this thesis. Current attribute ownership
and control as well as trade-off methods at NA OEM are discussed. The research found that for
high level vehicle attributes, complex technical trade-off analysis tools have been unsuccessful.
Currently, NA OEM relies on an attribute trade-off and subsystem concept selection process that
mirrors the Pugh concept convergence method and Pugh Decision Matrix. This process relies
heavily on engineering face to face meetings to complete target trade-off. Trade-off processes
are not formalized for mid and low level attributes owned at the subsystem level such as 2™

order NVH. Thus, it is critical for subsystems owning mid and low level vehicle attributes to
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establish formalized communication with all subsystems that control the performance of that
attribute. . It 1s also important that these subsystems, owning cross-functional attributes, do not
assume that inputs from other subsystems cannot be adjusted to improve the performance of the

attribute they own.

- Current attribute decomposition and cascade processes at NA GEM are explored. The

* decomposition of highly coupled attributes such as powertrain NVH 15 described. This research

finds that the current processes used at NA OEM can be paired with systems engineering
pr_incipleé methods and tools to arrive at a basic framework for attribute decomposition. In
-particular, DSMs like those developed in chapter 6 for 2" order NVH are useful o document

- these interactions.  As discussed earlier, this chapter presents a high level overview of what is a
pote_ﬁ.tially rich topic of research. Chapter 8 of this thesis will discuss this as a-useful area of

future research.
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8. CONCLUSIONS AND RECOMMENDATIONS

This chapter presents conclusions and recommendations derived from this research where the
processes of vehicle level attribute manegement at a North American Automotive OEM were
studied in detail. Specifically, the research studled the current processes and the product
development organizations that dehver a veh1cle system demgn that meets 2" order N VH
attribute targets. The Design Structure Matrlx method for process modelmg and restructurmg
was apphed to the current processes used to dehver a vehicle level design that meets 2™ order
NVH attribute targets “This attribute is hrghly cross-functional in nature, yet is owned at the
subsystem level by the driveline systems team. The DSM method was able to successfully
enable the process 1mprovement team to restructure the current process such that engmeermg

| lead time and resources are reduced and product quahty is 1ncreased

This research also examined new attribute munagement’processes recently implemented by the
introduction of a new Product Development System. Attribute trade-off, decompoSition and
cascade processes prescribed by the new Product Development System are examined. Systems
engineering principles, methods and tools are suggested for attribute management improvement.
Systems engineering principles, vmetllods and tools were suggested for attribute trade-off,
decomposition and cascade. The top1c of attribute trade off, decomposition and cascade
principles, methods and tools begs for future research. A comprehenswe study of attributes

management at other enterprises would brmg value to thls toplc
8.1 Conclusions

8.1.1 DSM Method for Process Modeling and Restructuring Conclusions

The team responsible for creating the DSM model found the DSM creation process itself to be of
value to the organization. The process of mapping the current 2™ order NVH attribute
management process led to the emergence of lessons learned from previous programs, notable
process issues, and process improvement ideas. Most of the process restructuring ideas surfaced
during the DSM creation process. - Thus, we conclude that the mere process of creating a DSM
plays a large role in generating process improvement Strategies.‘ This finding supports the

research of Cronemyr et al which states, "One could argue that the main process improvements
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come from the knowledge gained from the process mapping itself, i.e. once the map exists, the

© suggestions for improvements become obvious" [Cronemyr et al., 2001]. All Product

. development organizations involved in the creation process also found the task list generated

- prior to the DSM process mapping exercise to be of value. The task list enabled the team to
identify concrete tasks and associated deliverables. In some cases, the task list identified missing

deliverables, and in that case a standardized deliverable was created.

- The DSM was proven to be a useful tool to demonstrate the effects of process changes on
“process lead time and variance te upper management when these process changes recjuire
_resources to implement. - Again, this supports the research of Cronemyr et al. which asserts that
the DSM Simulated To-be/As-is Ratie, STAR, can be used to assess the impact of process
restructuring [Cronemyr et al., 2001]. However, the research in this thesis concludes that DSM

. model-and associated input data used to generate simulatiorn results used to justify investments in
. process restructuring should be verified for validity by an unbiascd team. Any time an analytical
- model is used to make decisions, biased creators of the model can "play the sysiem" and easily
-skew the results to indicate any magnitude of improvement desired. This is especially true in the
~case of DSM model simulations. In order to simulate the proposed "to-be" process, estimates
muSt be made on the decrease in rework probabilities, and task time and increases in the learning
curve and.rework impact. Users of the mode] can easily artificially inflate these estimates in
.order to‘-échieve the desired simulation results. Thus, it is critical that users of the model are

unbiased and that the input data to the model is verified to be accurate by the entire team.

The driveline systems engineering team, owning the 2" order NVH vehicle attribute, found the

Task-based DSM process model created to serve as a useful knowledge base tool. The

* .- completed "as-is" DSM and "to-be" DSM both serve as a useful reference tool for engineers.

Engineers are able to quickly discover which tasks they own and what deliverables they need to
- .complete each task, Engineers are also able to identify who needs the information they create.
Prior to the creation of the DSM, no such documentation existed. This tool also enables
engineers to visualize the iterative nature of the process of 2™ order NVH attribute management.
The DSM enables the driveline systems engineers to get a holistic view of the complex and

iterative process where flow charts become too complicated to read [Cronemyr et al., 2001]
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The DSM model created in this thesis does not take into account vehicle program complexity. .

. Programs of varying complexity will have varying process lead time and variance. Therefore,
this thesis concludes that historical task time and iteration data is needed from six or more
vehicle programs of similar complexity to make the data for a model statistically significant.
Then, these data sets must be'collected from programs of varying complexity such that vehicle
program complexity can be correlated to procesé lead time. Then, a scaled model of the process
that takes into account the complexity differences could be created to more accurately estimate

process lead time for all programs.

- 8.1.2 Management of Cross-Functional Attributes Owned at Subsystem Level Conclusiohs
This research at NA OEM revealed that the "mid level" vehicle attribute known as 2™ order
NVH has historically caused a high inciderice of vehicle launch issues and warranty claims. This
vehicle level attribute is not owned by vehicle engineering. Rather, this vehicle level attribute is
‘owned by the driveline subsystem. Thus, the driveline subsystem ehgineers are tasked with
ensuring that the subsystems that contribute to 2™ order NVH performance are designed and -
tolerances controlled such that the vehicle meets customer defined requirements for all vehicle
produced.  The task- of coordinating the design parameters of subsystems outside of the driveline
organization has proven to be challenging. Currently other.subsystems that control 2™ order
NVH vehicle performance reside within other PD organizations with management chains that
only merge with driveline's management chain at the vice president of North American Product
Development. Additionally, there is no formalized process of communication between driveline
engineers and the other subsystem engineers owning design parameters that affect this attribute.
The New PDS at NA OEM does not provide process governance of mid-level vehicle attributes
such at 2™ order NVH. Thus, subsystems owning these attributes, such as driveline, are left at
the subsystem level to derive their own local processes. This research mapped the current
proccssés used within the drivelihe organization to manage the development and integration of
subsystem designs such that 2™ order NVH targéts are met. The use of systems engineering
methods created an impfoved process for managing this highly cross;functional vehicle attribute,
owned at the s'ubSYstem level. Key lessons were learned for the improvement of managing

" cross-functional vehicle attributes such as 2™ order NVH. -ThesAe-'are summarized in this section.
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The DSM creation process revealed a disconnect between the deliverables created and the

deliverables needed by various cross functional teams when engineering their subsystems to

enable 2™ order NVH vehicle level targets to be met. This finding supports Antoine Guivarche's

assertion in his 2003 thesis [Guivarch 2003]. The DSM creation process enabled cross

~ functional teams to come to a consensus on what specific information is required, what format

this information should be presented, and where this information should be stored. . Additionally,

this research found that the timing of information creation is equally as critical as having the

~ right information. In essence, the right deliverable is needed at the right time. The DSM
highlighted critical input tasks, a single task that feeds many other tasks, and information

-bottleneck tasks, a single task that requires information from many other tasks. These tasks
depend on timely creation of information. Thus the team focused on the timing of the

deliverables created by these tasks.

Vehicle level attributes owned at the subsystem level must be managed by formalized cross-

- functional communication. This research found that there was no formalized cross functional

- communication in the management of 2" order NVH. In the "as-is" process, "Good" driveline
systems engineers knew that they had to ask for specific information from various subsystems.
The new "to-be" process formalizes cross-functional communication in the form of face to face

meeting at strategic times during the development phase.

This research found that driveline engineers owning 2" order NVH vehicle attribute
performance assumed some design parameters affecting 2" order NVH as pure inputs. Inputs
.such as axle pinion travel patterns during suspension movement were assumed to be one way
input with no feedback loop between driveline and suspension engineers. The driveline
engineers said that axle pinion movement patterns due to suspenston geometry played the largest
factor in determining the 2™ order NVH vehicle response. However, no driveline engineer
-attempted to influence suspension geometry such that the ideal axle pinion movement was
achieved. The DSM creation process-allowed the driveline eﬁgineers to discover that they could
become involved in the suspension geometry design early in the program to achieve more

desirable axle pinion movement. Thus, the lesson learned is that engineers owning vehicle
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attribute performance should not assume design parameters as pure inputs.  Feedback loops
between the engineer owning the attribute performance and the engineering owning the

_subsystem design should be established.

The DSM method for process modeling proved to be.a valuable tool for improving the total time
to develop, integrate and test subsystem design to meet vehicle level attributes that are affected -
by many different subsystems. The application of the DSM methods for process modeling and
improvement was able to create a predicted 30% reduction in average engineering time dedicated
* to meeting 2" order NVH attribute performance targets and a 45% reduction in lead time

variation. However, the DSM creation process is time consuming and required expertise in thé

- DSM method itself as well as in the process under study. Therefore, the DSM method for.- .. .. -

process modeling is recommended only for those vehicle level attributes deemed as "high - -
impact." Again "high impact” attributes are defined as attributes that have caused significant -

launch issues in the past or are causing high incidence of warranty claims.

8.1.3 2" order NVH Management Specific Conclusions
The DSM process modeling method yielded several critical process improvements in ensuring
that a vehicle meets 2" order NVH targets. In addition, these process improvements were
predicted to improve the total process lead time and variation and reduce objectionable 2 order
- NVH issues occurring at vehicle launch or in the field. The significant 2™ order NVH process
improvements are summarized below:
e The creation of formalized cross-functional meetings early in the program cycle to
establish early assumptions and understand design space.
¢ The creation of a database of early information and assﬁmptions to pull ahead initial
subsystem design.
¢ The improvement of current desk top analytical tools to expedite early design iteration.
e The establishment of well defined objective 2™ order NVH targets based on lessons
learned from previdus similar programs and on early program information.
e The adaptation of current driveline rig to Z“d_ order NVH testing capabilities to reduce the

probability of rework after 1** vehicle prototype testing.
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8.1.4 Attribute Ownership and Control, Trade-off, Decomposition and Cascade
Conclusions

Ownership and Control: Research on the topic of powertrain NVH attribute management at NA
OEM found that vehicle level attributes that are affected by most major vehicle subsystem are-
owned and managed by vehicle engineers on Program Attribute Teams. However, some vehicle
level attributes are owned at the subsystem level and subsystem-engineers owning a vehicle level
- attribute that is influenced by many other subsystems are responsible for coordinating the design
efforts. The use of an Attribute/Subsystem DSM may help both vehicle level engineers owning
attributes and subsystem engineers owning vehicle level attributes betier understand who
controls design parameters that influence the performance of that attribute. Moreover, an
Attribute/Subsystern DSM may help a subsystem engineer focused on the design of their system

understand who owns the attributes that their design affects.

. Attribute trade off: The research at NA OEM found that for high level attribute trade-off, where
“subsystem concepts are not yet defined and potentially hundreds of subsystem design parameters
" need to be traded off, technical multi-attribute trade-off analysis (MATA) failed. Instead, NA
OEM now relies on an attribute trade-off process that occurs right at the beginning of a new
vehicle program and closely parallels the Pugh Concept Selection Process. Here attributes are
traded off as subsystem design concepts are proposed. At the end of the process subsystem
design concepts are chosen based on their compatibility with all attribute targets. Howevér, the
success of this method depends critically on involvement of subsystem engineers whose time is

presently taken up by work on programs that are closer to launch.

MATA is recommended for small attribute trade-off analysis for mid and low level attributes.
Th,e,recémmc_endation is to use MATA to trade off performance between two or three attributes

- with only a few controlling design parameters. This research identified two significant
disadvantages to MATA First, it is usually very difficult to accurately derive the transfer
function between design parameters and attribute performance. Second,'anytime, analytical tools
are being nsed to make decisions the team must be aware of potential gaming and biasing of the

input.dawa: . Analytical tcols cannot be treated like black boxes turning out answers. The inputs



must be carefully studied. The transfer functions must be carefully understood and continually-.

updated as more information is learned.

Pecomposition and cascade: This research found that attribute decomposition methods vary -

- widely depending on the attributes. Therefore, a basic framework for attribute decomposition
with suggested systems engineering methods and tools is:recommended. ‘This framework paired:
‘with the recommended systems engineering methods and tools can be used to guide engineers
owning vehicle level attributes to decompose a vehicle level attribute target into compatible’
subéystem level targets. NA OEM currently uses a standard cascade tool for all vehicle level . -
attributes owned by vehicle engineering Program Attribute Teams. This tool consists of a MS

Excel workbook of spreadsheets that clearly defines the breakdown of an attribute target at one: -

level to the next leve'lrdown., This research found that attribute cascade is not one directional. At. - .-

NA OEM attributes targets are initiated at the vehicle level but are developed and negotiated by -

“teams of vehicle level and subsystem engineers. The decomposition and cascade of vehicle level - -

attributes is a recommended t_opic for future research this will be further discussed in section 8.2: .-
8.2 Recommendations.for Future Research

Further research is needed in the area of attributes' decomposition and cascade. Specifically, -
research should be done across multiple OEMs or industriés to search for patterns in attribute -
decomposition to establish a more detailed and useful framework for attribute decomposition.

Additionally, the industry can be searched for effective target cascade tools and methods.

Other potentially valuable areas of future research include the fqllowing: 1) Investigating the -
impact on attribute performance of synchronizing deliverable timing at NA OEM and measuring - :
the effect of deliverable delays on total process lead time and product quality. 2) Creatinga -~
- DSM process model that can be scaled to-represent program complexity. -
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