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This dissertation approaches the problem of how to design process

measurements by identifying process attributes which are common to all product

development processes. By classifying the generic attributes of a product

development process and their relationships, a framework is established which

gives definition and context to individual measurements. At the heart of this

classification scheme is a bifurcation of attributes into either internal or external

classes. This classification system clearly distinguishes between measurements that

define the behavior a process must attain, from measurements that quantify the

internal details of process implementation. This distinction borrows on concepts

from object modeling. The utility of this classification scheme includes a clear

understanding of the relationships which exists between process measurements and

their effects on a human based process. The relationship between processes is
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considered and classified to understand how process measurements affect these 

relationships and how they can be used to improve the relationships between 

processes. Guidelines for the design and application of process measurements for 

process management are developed. 

To provide a practical tool for engineers and managers in the field, the 

process measurement theory developed in this dissertation is used as the basis for a 

process measurement methodology. This methodology borrows from Quality 

Function Deployment techniques and can be used on its own or in conjunction with 

Quality Function Deployment methodologies. The process measurement 

methodology leads the manager through a seven step process to create a complete 

and coherent suite of process measurements which are tailored to a particular 

process. A primary focus of the methodology is to align process implementation 

with the process behavior that is specified by the process's customer and ultimately 

by the enterprise level goals of the organization. 

An illustrative example of the process measurement methodology is 

included to demonstrate its utility and provide a measure of verification. The 

example is based on a published design process example of the Quality Function 

Deployment methodology. 
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A Theory of Product Design Process Measurement 

1. INTRODUCTION  

"You can't control what you can't measure." (DeMarco, 82, pg. 3). "If you 

cannot measure it, you cannot control it. If you cannot control it, you cannot 

manage it" (Harrington, 91, pg. 164). These quotes succinctly capture the reason 

for, and importance of, product development process measurement. This 

dissertation sits on the assumption that you must measure to control, and control to 

improve. 

There is little doubt that, in general, product development processes are not 

well controlled (Ullman, 97). Management of the product development process, to 

the extent that it is effective and predictable, has proven to be exceedingly difficult 

(Power, 93). Therefore, a good place to start gaining the control and predictability 

which is desired, is to develop measurements which describe the product 

development process. Process measurement is a critical tool for improving both 

process and product. 

1.1 Topics to be covered in this dissertation 

Chapter one will define the target audience, describe who will benefit from 

reading this dissertation, and what reader knowledge is assumed by the author. The 



major contributions that this dissertation makes to the field of mechanical 

engineering design are also outlined. Finally, the question of why this is an 

engineering problem is considered. 

Chapter two examines the current state of the industry and the author's 

views on how human based processes should be measured. The chapter begins by 

defining the term process and considering why process measurement is important, 

why process measurement is difficult, and how processes are currently measured. 

A process model is developed so that the attributes of a process can be defined and 

understood. A taxonomy of process attributes is developed to clearly understand 

process attributes and their relationships. This taxonomy is also used to 

understand, classify, and organize process measurement. The relationships between 

processes are defined because of their importance when process measurements are 

developed. Consideration is given to alignment of process measurements because 

the purpose of process measurements is to better satisfy the process' customer. 

Finally the significance of this process measurement model is considered, and 

guidelines for successful process management based on this model are presented. 

Chapter three provides a systematic methodology for developing process 

measurements which are aligned from enterprise goals to part design. In chapter 

three the ultimate goals of the enterprise are examined to understand how the 

product development process contributes to the enterprise. Then the problem of 

how to identify and define processes and their relationships is considered. In 
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particular, the effect which the relationship between a process and its customer has 

on process measurement is considered. Once the relationships between processes 

are understood, a competitive strategy can be developed to insure that the process' 

customer will be satisfied. Measurements are developed which support this 

strategy. These measurements must also make the process predictable by keeping 

the customer informed of when and what will be delivered. Finally, policies are 

developed for measurement definition control, reporting requirements, access 

control, and auditing procedures. 

In chapter four, the product development process and design example in 

Don Clausing's book Total Quality Development, are used as the subject for an 

example of the process measurement methodology developed in chapter three. The 

process measurement methodology is applied to four product development 

processes of this example to show how a process can be measured. The reader who 

is familiar with this example from Don Clausing's book will also be able to see 

how Clausing's product centered measurement is an important subset of process 

measurement. Prior familiarity with this example is not necessary for 

comprehension of this dissertation. However, the reader is expected to have some 

familiarity with QFD (Quality Function Deployment) as QFD is an important 

foundation for chapters three and four1. 

'For a description of QFD see (Clausing, 94), (Hauser et al., 88), and (Uliman, 97) 



Chapter five is devoted to considering the problem of research verification. 

The nature of design process research verification in general is considered to 

identify all verification possibilities. In relation to process measurement research, 

the problems and limitations associated with popular verification methodologies are 

considered. Finally, the actual verification which has been attempted during this 

project is described. 

Chapter six presents the major conclusions of this research and outlines 

recommendations both for process measurement and for future research. 

1.2 Who should benefit from reading this dissertation 

This dissertation addresses the problems faced by anyone involved in 

managing or contributing to human based processes. The intended audience is 

engineers and engineering managers; specifically those engineers and managers 

who are involved in the product development process. However, anyone who 

manages or participates in team oriented processes may also benefit from this work. 

Product development process managers are concerned with process 

measurement by definition. It is the managers' job to insure that the process 

maintains the required behavior regardless of noise in the process environment 

which may disrupt process operations. Therefore, managers needs good 



5 

measurements of process behavior and implementation to insure process 

performance. 

In addition to managers, anyone who participates in product development 

teams must understand the process in order to contribute effectively. For a team of 

people to coordinate their efforts, there must be a process. Therefore anyone who 

manages a team must also manage one or more processes. Additionally, anyone 

who participates in a team must develop an understanding of the team's process to 

become an effective contributor. This includes not only managers but technical 

specialists who must contribute to product development and non technical team 

members who may represent marketing, sales, or distribution functions as well. 

Process measurements provide a clear tool for communicating process expectations 

and achievements. Each product development team member can use process 

measurements to understand how they can be most effective. 

It is the author's belief that the principles and techniques presented in this 

dissertation can be applied to a wide variety of human based processes. Anyone 

who manages or participates in teams with diverse membership solving complex 

problems may find this work relevant. The techniques presented in this dissertation 

may also prove useful in the design of service sector products, software, or in a 

wide variety of human based processes. Any team process which can benefit from 

well defined process goals and a well developed understanding by each team 



member of how the goals can be achieved, can also benefit from the concepts and 

techniques presented in this dissertation. 

This dissertation will use the vernacular of product development and 

engineering, as well as design oriented examples, to address the current problems 

with product development. However, other than the engineering terms which are 

used and the references to engineering problems, no engineering domain knowledge 

is required for reader comprehension. 

1.3 Contributions to the area of mechanical engineering design 

While in software design there is an extensive body of literature on process 

measurement theory2, in mechanical design there is no comparable literature. In 

mechanical engineering some authors include aspects of process measurement as 

part of their arguments for an improved product development process3, however, 

there is as yet no work which addresses the subject of process measurement 

directly. No author in mechanical engineering has considered what exactly is a 

process measurement, what are the possible types of process measurements, and 

how they can be used. This dissertation builds on the process measurement 

2 See (Fenton et al., 96), (Jones, 97), (Kan, 95), and (Henderson-Sellers, 96) 

See (Smith et al., 91), (Reinertsen, 97), (Patterson, 93), and (Goldratt, 97) 
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literature in software design to create a unique work in the field of mechanical 

engineering. 

This dissertation makes contributions to the field of mechanical engineering 

design in two areas. The first area is in the theory of process measurement and the 

second area is the application of this theory to construct a practical methodology for 

developing process measurements. 

1.3.1 Contributions to the theory of process measurement 

Chapter two makes three unique contributions to mechanical engineering 

design theory. First, it contains an analysis of why product development processes 

are inadequately measured by mechanical engineers. Second, chapter two contains 

a clarification of process measurement terminology, including a definition of the 

term metric, with respect to product development processes, which is consistent 

with current usage and valuable for understanding process measurement function. 

Third, it also contains a process centered approach to measuring the product 

development process which includes: 

clearly framing the question of what is process measurement? and how one 

should go about measuring human based processes. 

a taxonomy of process attributes and their measurements which provides a 

clear understanding of a measurement's definition and purpose 



[]  
['1  

A taxonomy of process measurement which is suitable for use as an object 

model within a PDM (Product Data Management) system for managing 

process measurement4 

the classification of process attributes and their measurements as either 

external measures of process behavior or internal measures of process 

implementation 

an analysis of the effects of a process measurement based on whether the 

attribute is internal or external 

Guidelines for process measurement development and use 

1.3.2 Contributions to the practice of process measurement 

Chapter three makes the following unique contributions to mechanical 

engineering design practice: 

A systematic procedure for developing process measurementwhich is 

usable by engineers and managers of the product development process 

An extension of the QFD method to address the alignment of process 

implementation measurements with measurements of process behavior 

A methodology which can be used to help comply with Iso 9000 

measurement requirements 

For an example of such a PDM model see (Kumar, 98). 



A methodology to increase process maturity to SET (Software Engineering 

Institute) levels 3, 4, and 5 

A measurement methodology which can be used to help compare best 

practices for prescriptive product development research, and document 

existing process performance for descriptive product development research. 

1.4	 Why product development process measurement is an engineering 
design problem 

This dissertation addresses an engineering management problem. While 

process management is often required of mechanical engineers in the work 

environment, it is not generally emphasized as a mechanical engineering skill and 

rarely required or even offered as a class in an engineering curriculum. Generally, a 

mechanical engineering student will be exposed to some aspects of process 

management during an engineering economics, cost estimating, or project 

management course, but these courses are peripheral to the core education. 

Management theory and education is usually left to the business school. However, 

process management offers the greatest opportunity for increases in real world 

engineering performance. Engineers already know intuitively that an organization's 

process is critical to its performance, it just has not been formally recognized by the 

core curriculum of engineering education. 



10 

To test this intuition consider the following question; why do some 

companies consistently produce better performing products? Do some companies 

set out to design mediocre or poor performing products? Obviously, the notion that 

some companies intend to perform poorly is absurd. Are some companies more 

motivated or harder working than others? If this were in fact true, which to a 

certain extent it may be, then one would expect a poor performing company, on the 

brink of failure, to be the most motivated, hardest working, and therefore become 

the best performer. While this cycle can be observed, it does not explain why some 

companies continue to produce superior designs year in and year out. Another 

possible explanation is the disparity of resources which can be brought to bear on 

product development between a poor performing company and an industry leader. 

This may partly explain why some companies can maintain their position as market 

leaders but it does not explain how they got there. A related issue is the quality of 

the workforce. Industry leaders can afford to buy a superior workforce. However, 

there is little evidence that it is even possible to screen out a superior workforce. 

This leaves the issue of process. Engineers intuitively know that some companies 

have better processes than others and that the quality of a company's processes 

generally have the greatest effect on the success of the company. This is why 

engineers expect some companies to succeed and believe them to be better places to 

work. There is also evidence that superior processes create a superior workforce. 

One of the greatest factors for the success and excellence of a worker's 
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performance is the work environment. This environment is created by the 

processes in which the worker contributes. 

Product development in general, and engineering in particular, cannot 

expect others to manage their processes. Mechanical engineers are in the best 

position to understand the process of mechanical engineering design and therefore, 

mechanical engineers should develop and manage engineering and design 

processes. 

1.4.1	 Responsibility of Mechanical engineering design for the product 
development process 

Product development has a large number of nested and interrelated 

processes within a single organization. As a result, product development is one of 

the most complicated business processes that most organizations deal with. 

Product development often encompasses executive level business planning and 

management; marketing; requirements development; technology research and 

development; engineering of all disciplines; prototyping and model building; 

product data management; production planning; production management; 

distribution; sales; and customer support. Each of these areas may contain 

subspecializations and multiple levels of processes. Each process must not only 

work well but communicate well, both within their discipline and across 

disciplines, with other processes. Complicating the organizational and 
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communication difficulties is the fact that individual processes may change in 

significant ways from project to project due to the originality of the problem and 

solution. An additional complication is that many of these processes are populated 

by non business types that may be highly motivated and task focused, but have little 

interest in insuring that their process is effective from a business perspective. 

These factors make product design a difficult management problem. 

Mechanical engineering design, as a discipline, addresses the greatest 

number of product development disciplines and clearly straddles both technical and 

nontechnical worlds. Mechanical engineering design is therefore the discipline 

which is most responsible for understanding, developing and maintaining product 

development processes. 

1.4.2 Mechanical engineering responsibility for alignment of management levels 

Each process level and discipline tends to develop its own measurements 

which are tailored to its view of the product. At the highest level they are the 

customer and business requirements which cascade down through several layers of 

system requirements until the product is fully defined by the geometry, material 

properties, surface condition, and microstructure of its parts. For example, 

measuring the effect which a finite element analysis of one part, has on the 
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enterprise goals, is a significant alignment problem. Yet without this information 

one is left only with gut feel as to the utility of a process and how to improve it. 

Mechanical engineering design is directly concerned with the alignment of 

measurement systems from the customer's requirements, to the product definition, 

to actual product performance. As a discipline, mechanical engineering design is 

therefore in the best position to understand the difficulties posed by aligning 

process measurement systems. 

1.4.3 Problems with silos of engineering specialization 

Product design must incorporate input from a large number of specialized 

disciplines (Blessing, 94). However, experience has shown that getting different 

disciplines to work together effectively is a difficult management task. As a 

discipline, mechanical engineering design is centrally located with respect to all of 

the engineering disciplines and in a good position to understand the greatest number 

of engineering, production, and marketing processes. 

Silos of specialization are often very proficient within a discipline but do 

not add the intended value to the end product because they tend to serve their own 

interests. Technical specialization and proficiency is often a two edged sword. It is 

desirable for product improvement but it is achieved through the pursuit of a 

discipline for its own sake. This tends to isolate the technical specialist from the 
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rest of the organization. This in turn tends to de-emphasize the importance of 

global product performance (Clausing, 94). The specialist often has difficulty 

seeing the product from any other perspective and rarely is rewarded for 

considering other perspectives. The specialist's goal is to continuously improve the 

product from the perspective of the specialization and to increase the capabilities 

and proficiency of the specialization within the organization. These goals may or 

may not result in better product performance from the enterprise perspective. 

Local optimization of the product by each specialization results in each silo 

fighting to make the product perform best from their point of view without 

considering overall product performance. The local optimums rarely result in the 

best product. The tecimical specialist will often argue for a solution which is 

optimum with respect to his or her discipline even when tradeoffs must be made 

between specializations to achieve the best global product performance. 

Mechanical engineering design is directly concerned with using information 

from many specializations to achieve the best possible product. It is the authors 

belief that alignment of specialized disciplines and their processes with the goals of 

the enterprise is best achieved through process measurements. 
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1.4.4 Poor communication between engineering disciplines 

Even when processes try to support each other across disciplines, they often 

fail to communicate the information which they develop. This is not due to 

incompetence, but the result of information not being formatted and packaged so 

that it can be appreciated and digested by another discipline. Communication 

problems often occur because interdisciplinary teams, which are supposed to 

address this problem, instead function as a collection of specializations rather than a 

cohesive unit. 

One of the primary reasons for communications problems is that each 

discipline has its own measurement systems. Each specialization has its own 

language and measurements which are difficult to translate into and align with 

higher level requirements. From a product oriented perspective this problem has 

been addressed by QFD (Quality Function Deployment) (Clausing, 1994). 

However, from a process oriented perspective this problem has barely been 

recognized. As a result, processes do not communicate as efficiently as they could 

and there is always a danger that valuable information will be lost simply because it 

was not in a form that could be transferred from one process to another. The 

communication of technical information between product development processes is 

most definitely an engineering problem. 
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Another communication problem is the resistance of engineering processes 

to quantify technical performance in terms of dollars, which business management 

can understand. The dollar is the universal measurement of business, yet engineers 

often resist translating their technical measurements into dollar measurements when 

communicating with the business world. Only an engineer can appreciate how 

difficult it can be to value design process performance in business dollars and why 

engineers resist doing so. How many times have engineers secretly wished that 

accountants would leave them alone so they can do their work. in part, this is due 

to a lack of interest in the financial aspect of product design. In part, it is due to 

accounting systems which are burdensome and which do not necessarily reward the 

best engineering work. In part, it is do to time constraints on the engineer. In part, 

it is due to a lack of emphasis on economics in engineering education. In part, it is 

due to the relatively large uncertainty of business models versus the satisfying 

precision of the technical models. However, experience has shown that when 

engineers are not required to consider economics, they are unlikely to develop the 

best solution. 

The same is true of processes. The best process is an efficient process. This 

does not mean that engineering and product development budgets should be cut. 

Engineers should embrace process measurement. In an effort to quantify and 

control product development, more and more businesses are appreciating how 

important product development is to their bottom line and ultimate survival, In 
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fact, an economic analysis of the impact which product development has on the 

enterprise, may in many cases argue for additional spending on product 

development. What it does mean is that spending on product development should 

be justified on an economic basis. The exception will be basic research and 

development of key technologies which will remain too unpredictable to justify 

directly with business models. 

However, traditional cost oriented accounting makes long term investment 

in process changes and product development, difficult to justify (Kaplan et al., 92), 

(Florac et al., 97). For instance, it is relatively easy to justify firefighting efforts. 

The cost of the problem is usually understood and the engineering effort required to 

fix the problem can easily be justified by eliminating the costs which are generated 

by the problem. The difficulty comes when you try to justify preventing the 

problem. How can you prove that process improvements will or have prevented 

costs associated with design problems? How can you prove that the new process 

produces higher quality products? How can you prove that the new more expensive 

process delivers a better return on investment than the old process? The answer is 

that with short term accounting using traditional process measurements, you cannot. 

Engineers must develop process measurement systems which not only allow the 

product development process to produce high quality products, predictably, but also 

document this performance in a way that can be appreciated by the enterprise level. 
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Justifying product development processes economically is the job of 

engineering and marketing because only engineering and marketing can develop the 

relationship between product development spending and its return on investment. 

Specifically, it is the job of marketing to develop the relationship between product 

cost and performance versus unit sales. Engineering must take this information and 

develop the product which maximizes the return on investment. 

1.4.5 Distributed nature of product development process management 

Traditionally the responsibility for the development, organization, and 

measurement of business processes has lied at the top of an organization. However, 

business people who lack technical training are not in the best position to develop, 

organize, and measure the technical processes of product development. One reason 

that engineering needs to be involved in product development process improvement 

is that only an engineer could appreciate the need for and significance of the 

number of existing measurement systems. Each technical silo has its own language 

for a reason. To fully appreciate why and how these separate esoteric endeavors 

can be brought into alignment, one must have some technical fluency. Developing 

this fluency is difficult for a manager with a non technical background. To 

facilitate communication between engineers, a product development manager needs 

an engineering background. 
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As an organization grows, it will become impossible for any one person, 

whether technically trained or not, to even understand all of the processes which are 

required during product development. Even when there are individuals who 

understand the entire product development process, these people are usually 

operationally oriented and therefore they are neither at the top of the organization 

where strategic planning is done, nor do they have the necessary management mind 

set. This also marks the evolutionary growth of a small company from a garage 

enterprise, which may not need process control, to a personnel independent 

enterprise, where control is distributed and no longer intelligible by a single person. 

Development, management, and measurement of product development 

processes is best done by or in collaboration with technically trained engineers. 

The greatest difficulty is bringing all of the necessary processes into alignment to 

support the goals of the enterprise. 

1.4.6	 Importance of the engineering perspective on product development process 
management 

From an executive management perspective, product development is a long 

strange trip down the rabbit hole; full of unintelligible jargon, and under worked, 

overpaid complainers, who can play forever with the same problem, then not 

deliver what they claim, and can always point the finger elsewhere. From a 

nontechnical perspective this view of product development is understandable. The 
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executive manager is surrounded by superior products which are more highly 

engineered than those developed in house. Therefore engineering design and 

development must be trivial or at least predictable. We can put a man on the moon; 

why can't we produce a widget ... and when things are trivial it is obvious that 

people are not working hard. So management piles on more projects in the hope 

that more in, will result in more out, hopefully with more successes. Management 

is already screaming "Better, Faster, Cheaper," what else can they do? What else is 

there to do? 

The answer is that engineers must take more responsibility for organizing 

and measuring their own processes. Engineers are in the position to make the 

biggest contribution to design process improvement. If engineering does not make 

process improvements which satisfy the needs of the enterprise, then eventually the 

enterprise will be forced to make changes in order to survive. Product development 

process improvements which do not adequately consider the engineering 

perspective will be less desirable for both engineering and the enterprise as a whole. 

1.4.7 Engineering background required to understand status quo 

Only an engineer would understand the lack of effort which has been 

applied to this problem and why many engineers do not even recognize that a 

problem exists. Few people truly recognize the extent of the problem. Often both 
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the executive and engineering levels tend to think that product development 

problems are normal. While design does involve uncertainty and risk, many 

problems which surface late in a development project and continue to haunt a 

product through its production life, are the results of poor process; not designing the 

right product (often due to designing what is technically difficult rather than 

designing to solve the problem), letting details slip through the cracks, local 

optimization of the product, etc. Once the executive level identifies that product 

development is not competitive, the standard reaction is to demand that designs be 

"better, faster, and cheaper" without providing the organizational tools to 

accomplish these goals. Engineers often do not recognize the problem because they 

are product oriented not process oriented. The average mechanical engineer is 

content to fight fires continuously because he or she does not know any other way. 

1.4.8 Engineering perspective required to build product development teams 

Only an engineer can appreciate the difficulty getting functional specialists 

to work in a process as a team. Engineering design has long pretended to use teams 

but is rarely successful creating teams. In an enlightened organization, when a 

design team is formed, representatives from marketing, engineering, production, as 

well as customers, and vendors are assembled. Often the only team members with 

a direct stake in the design process are the engineers. Engineers are usually 



22 

responsible for writing the specifications and developing the final product 

definition. However, often product design is not the primary assignment of these 

engineers. As a result few if any other team members have a pressing interest in 

advancing the project. The non-engineering team members at the table never 

become team players. They continue to wear their functional hats and protect 

themselves from future problems rather than improve the product (Nicholas, 90). 

Marketing will insist that the product must do everything and cost nothing, 

otherwise they cannot guarantee any sales estimates; production wants the new 

product to be manufactured and assembled exactly like the old one; and the vendor 

wants the design to use everything he or she is selling and nothing else. In addition, 

everyone feels that they are wasting their time whenever they are not talking. 

Within engineering design, the same team problems exist between the 

engineering functions. The root cause of the problem is that few of the team 

members understand that they must collectively execute a process and that they are 

there to add their knowledge not to protect their turf. Two reasons for this 

misunderstanding are a lack of direct accountability for the process' deliverables 

and a lack of understanding as to what behavior the process must produce. 

The people joining a process often consider themselves a one person 

process representing their primary allegiance, instead of a team member of a 

process which requires the cooperative effort of all members to succeed, and in 

whose success all members depend. Instead of a process being a team effort, often 
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s to be part of the team. Team members 

protecting their turf and often consider 

that they are doing for the project and not 

fly. 
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2. THEORY OF PROCESS MEASUREMENT 

2.1 Definition of process measurement 

Process measurement is a tool which can be used to improve products and 

the efficiency with which they are designed and manufactured. Process 

measurements can be used to quantify process behavior and process 

implementation, thereby providing managers and team members with the 

information necessary to quantify process performance, develop process 

improvements, and evaluate process changes for effectiveness. 

2.1.1 Definition of process 

Processes are the organization of effort, of both people and equipment. A 

process is simply the means by which work is accomplished. The more complicated 

the task andlor the more people involved, the more complicated the processes. 

Processes and people are not synonymous. People execute processes. In 

this dissertation, when a process is small enough that it is known by only one 

person, this one person process is referred to as an activity. For team efforts, the 

process must be known by all the team members, if the team is to work effectively. 

To understand process measurement, the world must be viewed in terms of 

processes. First, all work is accomplished by executing a series of formal or 
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informal processes; therefore, everything is the result of a process. Second, no 

single process produces a product; all engineered artifacts are the result of multiple, 

distinguishable processes. Typically, at the highest level, the product development 

process is divided into marketing, design, and manufacturing subprocesses. Each 

of these subprocesses can be further subdivided. As an example, consider the 

automobile. Obviously an automobile is the result of a collaborative effort 

involving many different people and organizations. The processes that design and 

manufacture the engine, tires, and seats are all independent and therefore 

distinguishable. However, the performance of each is critical to the automobile's 

overall quality. 

In mechanical design, processes were traditionally structured along 

functional boundaries5. An automobile requires an engine for power; wheels, tires, 

and suspension, to interface with the road; seats and controls to interface with the 

operator; and a chassis to integrate each of these subcomponents into a single 

product. Processes tend to develop naturally around each of these functional 

problems. The complexity of the design problem is reduced by minimizing the 

Many engineers design in terms of form. Forms are sought and generated which 
embody the required function without considering function independent from form. 
Design and analysis of function is implicit when working with forms. The form 
boundaries which result usually concur with or create functional boundaries. 
However, this is not to say that some functions do not cross form boundaries. If 
function did not cross form boundaries there would be no reason to fasten parts 
together. For further discussion of form, function, and the design process see 
(UIIman, 97). 



interdependence between the functional problems resulting in a tendency to isolate 

each subproblem. As a result, in mechanical design, processes often develop 

naturally from the physical problem. Often, little effort is expended to understand 

or develop processes because they appear to be subordinate to the physical 

engineering problems. Design engineers do not think in terms of processes but in 

terms of functional components (engine, tires, seats, etc.). The process knowledge 

required to design a component is developed through years of experience and 

known only to the engineer. In fact, the engineer may not have thought of his or her 

work as a process. 

Today, many engineered products require more expertise and must meet 

more requirements than ever before (Uliman, 97), (Blessing, 94). No single 

engineer can have enough knowledge to design a complete automobile (chassis, 

suspension, interior, engine, tires, sound system, crash protection systems, etc.), nor 

does a single company have enough knowledge to design every part on an 

automobile from the ground up. One engineer cannot even understand all of the 

requirements on an automotive design, (customer requirements, market 

requirements, production requirements, business requirements, regulatory 

requirements, etc.). Additionally, delivery requirements prevent designers from 

working through a product design serially even if it were possible for them to 

acquire enough knowledge. 
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It is important to recognize that an individual may be a member of several 

processes. A mechanical engineer may be a member of a marketing team where 

s/he provides estimates of the engineering capability and resources required for a 

proposed product. That same engineer may also be in charge of one product 

development project and contribute to a second project. Finally, s/he may work 

with manufacturing to solve design related, manufacturing, and quality problems 

with products that are currently being produced. The engineer has been selected or 

has elected to work in each process because s/he has the knowledge and skill 

required. However, the requirements on the engineer are very different for each 

process. In a design process the engineer may be required to define and manage 

tasks as well as seek out information from both technical and non technical sources. 

By contrast, in the manufacturing process the engineer may be a source of expert 

knowledge with respect to product function. Therefore, it is important not to 

confuse people with processes. People are much more flexible than the processes 

to which they contribute. 

2.1.2 Importance of process measurement 

In a modem engineering environment, teams of engineers must work 

collaboratively as a result of the ever increasing number of requirements, the 

increasing design complexities, and the ever decreasing project cycle times 
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(Uliman, 97). As the complexity of products increases, so too does the number of 

people required. As the number of people increases, the importance of having a 

good process also increases. The development of effective processes becomes 

critical if teams are to work efficiently. It is only reasonable that if a process is the 

means by which a result is achieved, then process improvement is the key to 

improving the quality of the result and the efficiency by which it is generated. 

Process improvement is often difficult because process performance is not 

easy to assess. A common complaint among design project managers is that 

the last 5 percent of the project consumes 90 percent of the effort6. This 

discrepancy is evidence of poor process measurement. If the progress and 

performance of a process cannot be quantified, then improvement is left to 

management's gut feel for the process. As processes become more complex 

and competition becomes stronger, relying on intuition becomes an 

unacceptable risk (Smith et al., 91). 

Product design projects are notoriously unpredictable, in part because they 

are not adequately measured. Engineers often lack a clear vision of project 

structure and how their processes contribute to this structure. As a result, 

mechanical design projects are prone to run over budget and behind 

6 This comment was first documented during a facilitated discussion, regarding 
product development process measurement, with industry representatives (York, 
97). It was noted because it seemed to strike a cord with the group and in further 
meetings with other industry representatives, it appeared to capture the frustration 
which is almost universally experienced at the end of a project. 
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schedule (Smith et al., 91). In many firms there is also a large percentage of 

unfruitful projects (Power, 93). The decision to cancel a project is often 

made late in the product development cycle because management lacks the 

measurement tools to make more timely decisions. Better process 

measurement would provide engineering management with the information 

necessary to make decisions earlier, when fewer resources have been 

committed. 

A product may contain significant faults because of design process 

problems. These faults are often linked to an inadequate design process. 

For example, a design project may fail to develop adequate design 

requirements and/or fail to meet the requirements developed. These design 

process failures are usually the result of a process that lets unresolved issues 

slip through the cracks because progress is not accurately tracked. 

Design process problems are not impossible to solve. However, they are 

often very difficult because engineers, managers, and executives lack adequate 

information about the design process. This information vacuum exists because, 

(icurrently, there is no formalized methodology for process measurement. Several 

problems contribute to this inadequacy: 

Mechanical engineering education is more product oriented than process 

oriented, especially when compared with other disciplines such as 

software engineering and manufacturing. 



30 

Business processes are generally imposed from the top. Often, business 

executives do not understand the product development process well 

enough to develop adequate design processes. 

Product development processes are often chaotic because of inadequate 

process knowledge. 

Engineers and executives, who have tackled the problem of creating better 

product development processes, find it difficult to improve a process 

without measures that quantify performance. 

Little effort has been expended on the problem of product development 

process measurement, as the design process is often considered to be 

fundamentally impossible to measure. 

A serious obstacle to process improvement is a lack of process measurements. In 

order for improvements to take place, better measurements are needed that can 

point the way for process improvements, identify problems early in projects, and 

better tailor processes to individual projects. The key to process improvement is 

process measurement 

2.1.3 Current process measurement practices 

The current process measurement tools are budgets, schedules, design 

reviews for requirements compliance, and product measurements. However, the 
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relation between these measures and the processes which generate them is often not 

clear. As a result, these measurements are often made with only an implicit 

recognition that they are process measurements. When problems are identified, 

corrective action is difficult because this relationship between process attributes and 

measurements is not clear. While current process measurement tools are all valid 

process measures, no unifying vision unites these measurements into a process 

measurement methodology. 

Often there is a tendency to focus on one measurement at a time without 

identifying the relationships between them. For example, while focusing on time to 

market, or product quality, connections are often missed between the measurement 

and the subprocesses that produced it. This lack of alignment from one process 

level to the next results in process goals that do not support the goals of the 

enterprise. This dissertation is based on the premise that to measure a process 

effectively, its attributes and their relationships should be identified first. Once 

process attributes and their relationships are clearly defined, process measurements 

become clear. 

( / 
rt  
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2.2 A process measurement model 

To develop a theory of process measurement, a model is needed which will 

provide insight into the attributes of a process and their relationships. A taxonomy 

of process attributes will be developed as such a model. 

2.2.1 A process model 

To measure processes, a model is required that is generic enough to apply to 

any process. Figure 2.1 represents such a generic process model. A process accepts 

specific inputs from its environment. For product design these inputs are typically: 

people, money, materials, customer requirements, etc. These inputs are then 

transformed to produce an output response. The inputs and outputs are external 

attributes of the process and are therefore visible to anyone either internal or 

external to the process. The process' behavior is the relationship that exists 

between the inputs and outputs. The process' customers are interested in the 

process' behavior. A process' behavior is quantified by measuring the process' 

external attributes. 

Notice that in Figure 2.1, the process has been shaded. This represents the 

"information hiding" which takes place within a process. "Information hiding" is a 

concept used in object oriented programing and modeling (Budd, 96). Information 

hiding simply means that when a process, subroutine, program module, etc., is 
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viewed from an external perspective, some attributes will be hidden. The internal 

attributes of a process describe the process implementation and are hidden from 

the process' customers, while the external process attributes form the process' 

behavior which the customer sees. 

External Attributes 
are 

Visible to the process' customers 
and form 

Process Behavior 

Process 

Internal Attributes 

Input 
are 

Hidden from the 
process' customers 

and form 
Process Implementation 

Output 
Response 

Figure 2.1. Generic Process Model. 

Information hiding decouples visibility into process behavior from visibility 

into process implementation. It is not necessary, nor is it necessarily desirable, to 

understand process implementation, in order to understand process behavior (Beer, 

79). For processes which effectively employ information hiding, anyone external to 



34 

the process will only be aware of the external process attributes which form the 

process' behavior. This information hiding, greatly simplifies the relationship 

between a process and its customers as well as providing a clearer understanding of 

the process attributes which are important to the customer and the relationships 

which exist between these attributes. This understanding of the relationships 

between attributes, which are important to the customer, creates better visibility 

into the process' behavior by both customer and process. Those internal to the 

process will see all attributes both internal and external, but because the external 

attributes are well defined, primarily by customer's desires, attributes of process 

implementation are distinguishable from behavioral attributes. This distinction 

between internal and external is important because confusion of internal and 

external attributes results in poor alignment between process and customer which 

creates lost process improvement opportunities. 

The concept of information hiding has several functions for organizing a 

design process. From a top down perspective, information hiding is a primary 

justification for developing subprocesses. Information hiding vastly reduces the 

complexity of the larger problem by sequestering much complexity within a 

subprocess (Beer, 79). Information hiding serves to aggregate insignificant details 

into significant information chunks which can be more easily and more accurately 

managed. This applies at all levels of an organization. The larger the organization, 
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the more levels of information hiding are required. Likewise, the subprocess is 

now more manageable than the original process. 

Another reason for information hiding is that it allows a process to be more 

flexible. Processes with effective information hiding can be changed more easily 

because their relationships with other processes are well defined and manageable. 

Changes to a process' execution can be made without the effects being felt by the 

interfacing processes (Rumbaugh et al., 91). If no information hiding existed, 

change would be difficult. Changes to one process would affect many others, 

which would require changes, which again would affect even more processes, 

thereby affecting the entire enterprise. Small changes could result in a great deal of 

work and many unanticipated effects. 

A process which successfully uses information hiding can reorganize 

quickly to capitalize on a new market opportunity. Reorganization is facilitated by 

the reusability of processes which employ information hiding. As a simple example 

consider a bucket brigade. The brigade consists of a firefighter process which is 

responsible for extinguishing the fire, a transportation process which supplies water 

to the firefighter, and a supply process which provides the buckets of water. 

Each of these processes is composed of activities which are performed by 

the process team members. For example the transportation process is composed of 

many transportation activities. Each activity is responsible for moving a bucket 

several feet, from the previous activity to the subsequent activity. 
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An efficient bucket brigade can be formed in minutes from almost any 

group of people. This is because almost everyone understands the behavior and 

importance of the transportation process and in a large group there will be some 

firefighting process and supply process expertise. The members of the brigade may 

have never met previously and need not even speak the same language. Because 

the process behaviors are well defined and understood, they can organize 

themselves with very little or no external direction. Each member of the brigade 

need know nothing about the people with which they are in direct contact because 

the internal attributes of the person are irrelevant to the process as long as the 

required behavior can be maintained. 

Now consider giving the same group of people the task of building a sand 

bag dike. Two processes are affected by changing the goal of the organization from 

firefighting to dike building. The firefighter process must be exchanged for a dam 

engineering process, and the water/bucket supply process must be exchanged for a 

sand bag supply process. The transportation process can be reused with little or no 

modification. Because the transportation process is well encapsulated, it easily 

mates with other processes to satisfy new organizational goals. This reuse of the 

transportation process is accomplished because the external behavior of the 

transportation process is well defined while all other attributes of implementation 

are hidden. Well defined and useful process behaviors with limited 

interdependencies, permits reusability (Budd, 96). 
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All product development processes have much in common, both in terms of 

inputs and outputs, as well as their internal structure. By restricting this discussion 

to product development processes, the generic process model can be refined. 

Figure 2.2, is a generic product development process model. In this model the 

inputs have been classified as resources or requirements, and the outputs are 

identified as deliverables and the end product. Note the symbol convention used 

for each entity in the model. This convention will be followed in future figures so 

that resources are represented as diamonds, requirements are represented as 

Figure 2.2. Generic Product Development Process Model. 
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rectangles with rounded corners, processes are represented by ovals, deliverables 

are represented by rectangles with square corners, and the end product is 

represented by an elongated hexagon. 

The relationship which exists between the deliverables of a product 

development process and the end product is represented by a curving arrow because 

often no direct connection exists between the deliverable and the end product. If 

the process of interest is the manufacturing process or the overall product 

development process, of which manufacturing could be classified as a subprocess, 

then the deliverable is the end product. Other processes will not result directly in 

the end product. However, if the process adds value to the product development 

process, a relationship must exist between its deliverable and the end product, 

although the process is not directly responsible for the end product. Resources, 

requirements, deliverables, and the end product are the external attributes of any 

process that occurs during product realization. 

While there are many different ways to define inputs and outputs of a 

process, this model has distinct advantages for process measurement. Most 

process models are written from the perspective of process control, for example 

IDEF7. In this work, it is assumed that process control is an internal 

IDEF resulted from the US Air force's integrated computer aided manufacturing 
(ICAM) program. The I stands for ICAM and DEF is an abbreviation of the word 
definition. 1DEF is a function modeling language which has been successfully 
adapted to wide rage of functional, process, business, and data modeling problems. 
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responsibility of the process being modeled. External control of product 

development processes occurs by establishing goals and limits on the external 

attributes of the process. These goals and limits may be communicated as: 

requirements, direct control of resources provided, and or 

inspection/measurement of the deliverables. 

Classifying the external attributes of a process as resources, requirements, 

deliverables and the end product, provides a process model which is useful for 

understanding process measurement. Requirements set a process in motion. 

Requirements are used primarily to specify external measures of the process. 

Requirements typically specify deliverable measures or limit resource 

consumption. The deliverable of a process can only be judged in terms of the 

requirements. If an attribute of a deliverable is to be measured, it should be 

stated so up front, and requirements for this measurement should be provided. 

The requirements define the problem that the process must solve and are used to 

check the deliverable for conformance. Requirements may also be used to place 

limits on resource consumption. Requirements often specify the maximum time 

or money which a process may consume. Requirements may also be implicit. 

For example, often a customer will not explicitly state the market qualifying 

requirements because these are expected of all candidate products and therefore 

are not a criterion for selection. 



Occasionally requirements are also used to specify what would appear to 

be internal measures of either the process, deliverable, or end product. 

Requirements for apparently internal measures are often referred to as codes, 

standards, or conventions. Codes exist primarily because experience has shown 

that serious consequences may result if a given internal attribute of either process 

or product, is left unregulated. Codes are not restricted to internal attributes. 

However, often, internal attributes are easier to define than the external attribute 

which provides the motivation. For example, codes may specify a wire gauge 

base on amperage conducted, the material and thickness of a pressure vessel, the 

number of hours a worker may be required or allowed to work, the 

environmental conditions under which workers may be allowed to work, etc. 

The external attributes which motivated these codes are failure modes and their 

consequences, but these external attributes are more difficult to measure and only 

occur after unacceptable damage has occurred. Codes therefore often force 

internal measures to be treated as external measures. 

Because codes often mandate specific internal attributes, they are very 

restrictive, they ignore the application context, and they are difficult to improve 

upon, due to the bureaucracies which are required to administer them. These 

bureaucracies may be international, governmental, industry wide, company wide, 

or office wide, but often they will specify internal attributes of a process. 

However, codes often offer a good, if not the best, available solution to an 
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internal configuration problem. Codes also offer some proof of internal quality, 

thereby reducing liability. 

Resources are also important for process measurement. The most 

common resources are time, money, people, information, facilities, equipment, 

and material. Resources are compared with deliverables to determine efficiency, 

and resources are compared with requirements to determine process capability. 

Resources, requirements, and deliverables, form a useful model for 

understanding and measuring external product development process attributes. 

Note that resources, requirements, and deliverables are defined with 

respect to a process. An engineering drawing is a deliverable of a design 

process. The same drawing may also be a resource for a document approval 

process or a requirement for a manufacturing process. Even a specific 

measurement of a drawing attribute, e.g., the completion date, could be 

considered a resource, a requirement, or a deliverable measure, depending on the 

process considered. The drawing completion date may be a deliverable measure 

of the design process. The completion date may also have been a requirement 

placed on the design process. Finally, the drawing completion date may be a 

resource measurement for a document approval process. 

Further subdivision of the resource, requirement, or deliverable categories 

results in non-generic (i.e., process specific) descriptions. Requirements can be 

subdivided into business requirements, customer requirements, market 
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requirements, regulatory requirements, etc. There is no end to the types of 

requirements possible and no process will have requirements from every 

category. Resources can be subdivided into personnel, facilities, equipment, raw 

materials, information, etc. No process will have resources from every category. 

Figure 2.2 shows an entirely generic product development process model. 

2.2.2 Attributes of a process 

The resource, requirement, deliverable, and product, classifications create 

a natural way of dividing process attributes into either internal or external 

classes8. The fore mentioned classifications are external to the process, while the 

operational management and subprocess attribute classifications are internal to the 

process. The concept of internal and external process attributes is useful because 

it distinguishes process behavior from the internal controls used to obtain this 

behavior. External attributes can be measured by the process' customer and are, 

therefore, used to quantify process behavior. Internal attributes are those 

attributes within the process and are used to quantify process execution. 

Figure 2.3 represents the attributes of the generic process model in tree 

form. Note that this Figure is not a flow diagram as is Figure 2.2, but is a 

classification or taxonomy of process attributes. An important point of this 

8 For another view of internal versus external see (Fenton et al., 97) 
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diagram is the bifurcation of process attributes into internal or external 

classifications. The requirements, resources, and deliverables of the generic 

process constitute the behavior of the process and are therefore external attributes 

of the process. The operational attributes such as budgets, schedules, 

manpower, etc. are hidden and are therefore internal to the process. Subprocesses 

of the parent process contain external attributes, yet these remain internal to the 

parent process. This taxonomy can be recursively scaled up or down to apply to 

any process level, from the overall product development process to the most 

detailed subprocess. 

The most important attribute of any product development process is the 

end product. The end product is a reflection not only of the product development 

process as a whole, but of each of its subprocesses. While processes may 

construct mockups or prototypes as deliverables, or to assure the quality of their 

deliverables, these artifacts only predict the performance of the end product. The 

term product refers to actual production hardware and software. Product 

performance cannot be measured until the first units are delivered to customers. 

Classifying end product attributes as process attributes is not 

straightforward because most processes terminate long before the end product 

exists and can be measured. Also, many different processes may share 

responsibility for the same product attribute. Therefore, a process' value is often 

difficult to determine. 



The attributes of the end product can also be categorized as either internal 

or external from the customer's perspective (customer's perspective refers to the 

perspective of purchasers and users of the product). Any product can be modeled 

as a process. When a process is fully automated, it is often referred to as a 

product. This is intuitively obvious for products such as computer programs. A 

program is a fully documented process that can be automated on a computer. 

Computer science is much more process oriented because the product is easily 

recognized as a process. 

As an example of internal and external product attributes, consider two 

similar automobiles. Both have the same chassis, interior, suspension, cost, and 

performance numbers (0-60mph, mpg, 60-0 stop distance, etc.). The first 

automobile has a V8 engine and the second automobile has an in-line four 

cylinder engine. If the behavior of an automobile is defined by its utility, 

performance, comfort, and expense, as is the case for most drivers, then the two 

automobiles are indistinguishable. Both automobiles have the same external 

attributes and therefore the same behavior. However, some internal attributes are 

different: the first automobile has twice as many cylinders as the second (i.e., 

twice as many pistons, rods, crank throws, etc.) and the two automobiles have 

different engine configurations (V versus in-line). These internal attributes are 

important to the engineers who designed and manufactured the automobile, but 



are of no concern to the customer, because they are not perceivable by the 

customer. 

Now consider the driver with cylinder envy. For this driver the number 

of cylinders is part of an automobiles behavior. This is the reason that vehicles 

with 6, 8, 10, or 12 cylinder engines almost invariably have an emblem stating 

the number of cylinders on the exterior of the vehicle; otherwise, who would 

know and be impressed? Therefore, it is the customer who determines whether 

an attribute is internal or external. However, customers might be better served if 

they evaluated whether their selection criterion for a product is based on external 

attributes that constitute important behavior or internal attributes whose relation 

to behavior is only of interest to the designer. 

Now that a model exists which classifies the attributes of the product 

development process, section 2.3 will consider how to use this information to 

classify process measurements. As was previously demonstrated, the utility of a 

process measurement is dependent on the attribute being measured. It logically 

follows that a useful way to classify process measurement is based on the process 

attribute of interest. 
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2.3 Classification of process measurement 

Process measurements can be classified by the category of the attribute 

being measured. Therefore measurements of time, money, and people, etc., 

consumed by a process are the process' resource measurements, Figure 2.3. 

Likewise, requirement measurements quantify requirement attributes; 

deliverable measurements quantify the deliverable attributes; and product 

measurements quantify product attributes. Operational management 

measurements quantify the internal attributes of the process. The other internal 

attributes of a process are the external attributes of subprocesses. Measurements of 

subprocess attributes are classified in the same manner as process measurements. 

Therefore: measurements of resources consumed by a subprocess are subprocess 

resource measurements; measurements of subprocess requirements are subprocess 

requirement measurements; etc. 

A basic measurement is any single measurement of an attribute. Basic 

measurements can be measured directly and are the building blocks for complex 

measurements. Complex measurements are functions of basic measurements 

and/or other complex measurements. Complex measurements can be derived from 

measurements of one measurement category or measurements from two or more 

different measurement categories. 
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Figure 2.4 is a taxonomy of complex measurements for a generic product 

development process. If a complex measurement is composed of basic measures of 

the same category, then the complex measurement also shares this category. For 

example, a complex measurement could be defined by comparing the money 

consumed by a process with the time consumed by a process, in other words, an 

hourly rate for the process. The hourly rate measurement is a complex process 

resource measurement because it is composed of two basic process resource 

measurements. 

2.3.1 External complex measurement classes 

The italicized categories in Figure 2.4 define complex measurements 

composed of basic measures from more than one attribute category. For example, 

deliverable conformance measurements compare deliverable measurements with 

requirement measurements. Note that, like the previous taxonomies, this 

classification scheme is recursively scalable so that each of these complex 

measurement categories can be applied to any organizational level. 



Complex measurement categories 

1Managers ant 
ltstnrsrul Atttesj_.__.__________)Effactitene:s *._._.... tutuIAttr,butes 

Effective 
Conformance 

Is Measurements 

'7 rooss, ourons blHmentt eodot 

LEhtea1 Attributes Ltxttmnai Attributes 
anntnResource Internal Attributes External Attributes 

roes _4seces 
I I 

ffff:b54 
Product 

Measurements B ________ 

tnbIe,itt05. 

;ienr. 

Figure 2.4. Taxonomy of Complex Process Measurements for a Generic Product Development Process. 



50 

In Figure 2.4, the product conformance measurements compare 

deliverable measures with product measures. As an example, consider a design 

process. The deliverables of this process are the drawings that manufacturing will 

use to produce the artifact. A comparison between the end product measures and 

the deliverable measures is a product conformance measurement. 

A comparison between product measures and requirement measures is an 

effective conformance measurement for the process, Figure 2.4. If the same 

design process is considered, this time the requirements on the original process are 

compared with the product. The end product may have good conformance to the 

deliverables but poor effective conformance if its requirements were not adequately 

addressed. For example, if the end product is an automobile, then the end product 

may have good conformance with the engineering drawings and still not conform to 

the efficiency requirements placed on the design process. 

Requirement measures are also compared with resource measures to form 

planning measurements, Figure 2.4. Typically a process will make predictions of 

resource usage based on requirements measures. For example a design process may 

make predictions of man-hours required based on the number of parts that must be 

designed. These predictions may be compared with the actual measurement values 

to determine the accuracy of a planning measurement. The actual planning 

measurements from many projects or processes may be used to develop better 

predictive models. 
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Efficiency measurements are formed by comparing measures of the 

deliverable produced with measures of the resources consumed, Figure 2.4. Some 

typical efficiency measures for a design process are man-hours per drawing and 

dollars per part. One reason that efficiency measurements have traditionally been 

problematic for product development processes, is that the relationship between the 

efficiency with which a process produces a deliverable and the efficiency with 

which the product is developed and produced, is often not clear. 

Effectiveness measurements attempt to overcome some shortcomings of 

efficiency measurements by comparing resource usage measures of a process with 

product measures, Figure 2.4. This measurement attempts to identifi how the 

resource usage of a particular process affects the end product. For example, 

engineering may be very efficient at creating drawings but if these deliverables do 

not have the desired effect on the product, engineering may have poor effectiveness 

measures. 

Business measurements are a subset of effectiveness measures, Figure 2.4. 

Here, the resource usage of a process is compared with the external attributes of the 

end product. This is the bottom line measurement of any process. These are the 

measurements that a process should use to justify its existence to the executive 

level of a business. 
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2.3.2 Process measurements relating internal and external process attributes 

A primary purpose of any external complex measurement is to help 

establish useful targets for basic external measurements. Once these targets are 

established, complex measurements must relate these external attributes to the 

internal management attributes. Models should be developed which relate basic 

operational management measures to basic external attribute targets. A technique 

for developing these models based on a QFD matrix which has been modified for 

process measurement, will be presented in chapter three. 

Process operational management measures can be compared with each of 

the four external process attribute classifications. When process operational 

management measures are compared with resource measures, resource 

management measurements are formed, Figure 2.4. For example a resource 

management measurement may be a double entry ledger that compares the 

resources allocated to a process with the daily resource consumption. Consumption 

profiles may be generated as a resource management measure to insure that 

resources are consumed in a timely maimer. 

Requirement management measurements are formed by comparing the 

external requirements measures with the internal operational management 

measures, Figure 2.4. This category of measurement is commonly referred to as 

requirements tracking. However, requirements management measurements may 



53 

also help to structure the process. For example, a given set of requirements 

measurements may suggest a particular management style. 

Deliverable management measurements are formed by management 

measures and deliverable measures, Figure 2.4. Deliverable management measures 

are used to insure that a deliverable will be complete, have the required quality, and 

be finished on time. Deliverable management measures track the internally 

generated requirements and information back to the deliverable to insure that 

nothing is lost. 

Management effectiveness measurements are used to determine the effect 

of process measurement on the end product, Figure 2.4. The management 

effectiveness measurements can be used to determine if process management adds 

value to the end product. 

2.3.3 Complex internal process measurement categories 

There are two types of internal measurements: operational management 

measurements that are responsible for documenting how the process executes, and 

subprocess measurements that document the external attributes of subprocesses, 

Figure 2.4. External process measurements have already been covered, but the 

complex measurements that compare operational management measures with 

external subprocess measures have not. 
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Resource allocation measurements are composed of operational 

management measures and subprocess resource measures, Figure 2.4. This 

measurement could, for example, be a double entry ledger that tracks the resource 

usage of a subprocess. Resource allocation measurements could also track the 

resource consumption profiles of a subprocess. 

Requirements tracking measurements are used to insure that process 

requirements are appropriately allocated to subprocesses, Figure 2.4. Requirements 

tracking measurements identify requirements which subprocesses cannot meet. 

Requirements tracking measurements are also useful for identifying requirements 

that have not been addressed. 

Deliverable evaluation measurements detennine if the subprocess 

deliverables resulted in the intended contribution to the process deliverable Figure 

2.4. Deliverable evaluation measures determine if the subprocess adds value to the 

process. Value added is usually measured in terms of the requirements placed on 

the subprocess. 

Product evaluation measurements determine the subprocess' effect on the 

end product, Figure 2.4. The effects of a subprocess are traced to the end product to 

determine value added or problems that may have been introduced. 
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2.4 Process "metrics"; buzz word or useful term 

Besides measurement, the term "metric" is often used in the design 

literature but rarely defined9. Often the terms measurement and metric are used 

interchangeably. However, the term metric is more likely to be used for a 

measurements which compare a process attribute with other processes or with 

historical performance. This paper makes a clear distinction between the terms 

measurement and metric to clarify product development process terminology. 

Measurements quantify the attributes of an entity. Metrics quantify the 

change in these attributes either with respect to time or between different entities. 

Because metrics compare measurement values, they are usually expressed as a 

difference or percent difference. Metrics are therefore used to document the 

relative performance of processes, or to document the change in performance of a 

process over time. 

As an example, if the engineering effort in man-hours required for Ford to 

develop a new automobile is compared with the engineering effort required for 

General Motors to develop an equivalent automobile, then an engineering effort 

metric can be defmed. Likewise if development time is of interest, then a metric -' 

Many works include the term metric in the title (Fenton et al., 97), (Henderson, 
96), (Kan, 95), and (Moody et al., 97). Other well known authors and often cited 
works use the term metrics (Patterson, 93) and (Reinertsen, 97) for example. 
However, as far as the author is aware, only Fenton considers the meaning of the 
term metric. 
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can be defmed that compares the calendar months required to develop equivalent 

automobiles. Notice that neither of these comparisons provides any conclusive 

knowledge about which process is better. Less engineering effort and shorter 

development times do not indicate a superior process if the product is not 

successful in the marketplace. These metrics do, however, provide relative 

measures of a specific resource consumption that may be useful to determine which 

process is superior. 

The definition of the term metric presented in this dissertation clearly 

differentiates between raw measurements, which quantify attributes but do not 

indicate process performance directly, and comparisons between measurements, 

which are used to establish performance. This distinction is important because it 

reduces the confusion which is created when measurements and metrics are 

presented together without distinguishing which measurements are in a raw state 

and which measurements indicate performance. It is also important that the 

comparisons which indicate either relative or absolute performance be identified so 

that the basis for quantifying performance is clearly defined. To better understand 

the types of comparisons which can be made, process metrics will be classified 

based on the entities and attributes which are being compared. 
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2.5 Classification of process metrics 

There are two aspects to metrics classification. The first is the nature of the 

attribute change. The second is the classification of the attributes that are being 

compared. There are two basic types of attribute change: substitution and 

transformation. In Figure 2.5 the engineering effort of two hypothetical processes 

is plotted along with the planned effort. Point A indicates that process 1 consumed 

800 man-hours of effort during the sixth project month. Point B indicates that 

process 1 consumed 1400 man-hours of effort during the seventh project month. 

By comparing the measurement value at point A with the value at point B it is 

determined that process 1 increased its man-hours consumption by 600 man-hours 

resulting in an increase of 75% between the sixth and seventh month. This 

comparison between successive months is a transformation metric. A 

transformation metric is a comparison of measures based on differences in time, 

phase of a project, etc. 

If the value at point B is compared with the planned value at point C, it is 

apparent that process 1 is only consuming 70% of the planned 2000 man-hours 

expected during the seventh month. Comparing the actual process measurement 

value with a planned value is a substitution metric. A substitution metric is a 

comparison of measurements based on differences between entities. Likewise if the 

value at point B is compared with the value at point D, the man-hours consumed for 
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Figure 2.5. Metrics Classification Example; Man-hours consumed per project 
month for a hypothetical process. 

the seventh month are compared between process 1 and process 2. Again, this is a 

substitution metric because separate entities are compared or substituted. 

Transformation metrics quantify the rate of change of an entity while 

substitution metrics quantify differences between entities. Transformation metrics 

are used to regulate change. They can be used to stabilize a process, in which case, 

change is discouraged. As an example, consider the number of alternatives 
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generated during the conceptual design process. It is generally considered good 

design practice to evaluate several concepts before committing one to development. 

However, after the first few alternatives, each successive alternative is generally 

considered to yield diminishing returns. Comparing the number of alternatives the 

design process generates from project to project, is a transformation metric which 

might be useful to maintain a consistent design process. Note that if a target 

number of alternatives is established, a comparison between the target and the 

actual number is a substitution metric. 

Transformation metrics can be used to manage change. For example, it may 

be considered important to increase an efficiency measurement such as man-hours 

per drawing. The man-hour measurement can be compared for successive 

drawings, components, and projects to track the efficiency improvement. 

Substitution metrics provide an indication of performance. Usually one 

measurement is a datum from which the comparison is made. The datum 

measurement often indicates a known process performance. The datum may be an 

industry or company average, an industry or company best practice, a theoretical 

limit, or some other standard. Deviation from a datum measurement indicates 

either an improvement or degradation of process performance, compared to the 

datum process. Therefore, substitution metrics are commonly used to quantify 

process performance and to set targets for future change. 



A general test to determine if a metric is a transformation metric or a 

substitution metric is to ask whether the chronologica' order of the measurements is 

important. If, intrinsically, one measurement must precede the other, then the 

comparison is a transformation metric. If the order in which the measurements 

were made is irrelevant, then the comparison is a substitution metric. 

The second aspect of metrics classification is the category of the 

measurements that are being compared. Metrics share the same classification as the 

measurements that compose it. In Figure 2.5, each data point is a resource 

consumption measure. The metric examples that are based on these measures are 

classified as resource metrics as shown in Figure 2.4. 

2.6 Process relationships 

In order to develop measurements and metrics for a process, the process 

must first be clearly defined. To identify a process and its attributes, the 

relationships which exist between processes need to be adequately defined. A 

process which is not defined cannot be measured. The external attributes of any 

process are defined by relationships between processes. 

To this point, the relationships between processes have not been 

characterized specifically. The relationship between a process and its subprocess 

has been depicted in Figures 2.3 and 2.4. and the relationship between processes at 
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the same level has been alluded to as well, but process relationships have been 

characterized only to the extent necessary to define process attributes. This 

viewpoint is reasonable because process measurement is by definition process 

centric. However, the relationships between processes become important when 

process measurements are designed. This investigation of process relationships 

will define the flow of information which occurs between processes in terms of 

process attributes. 

There are three types of relationships that exist between processes'°. The 

first type of process relation is hierarchal. Here a parent process passes 

resources and requirements to a subprocess. The subprocess passes its 

deliverable back to the parent process. These relationships are recursive so that 

many layers of subprocesses may exist. 

The second type of process relationship is lateral. In this relationship the 

deliverable of one process becomes a resource or requirement for another process. 

Processes which relate laterally are on the same organizational level. This is 

assembly line style organization. Each process does its job and passes the 

deliverable on to the next process in line, i.e., marketing, design, manufacturing etc. 

Both hierarchal and lateral relationships are operational. These 

relationships are intended to add value to the product. As such, they are the only 

10 For an interesting and insightful discussion on the relationships between 
processes see (Beer, 79) 
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relationships that have been considered for process measurement. A third type of 

process relationship is metasystemic. Here a senior or executive management 

process interfaces with an operational process. These relationships are not 

operational but instead organizational. They are used to restructure processes 

(sometimes called reengineering), their behaviors, and relationships to meet the 

ever changing needs of the organization, based on information and analysis that is 

beyond the scope of daily operation. 

Note that a single process can have multiple relationships of one or all 

types. Some process relationships are also a combination of both hierarchal and 

lateral relationships. In the most common variation a process will supply resources 

and requirements to a subprocess and the subprocess will supply a deliverable to a 

third process, which in most cases will also be a subprocess of the original process. 

In this case there is a hierarchal relationship between the process and its 

subprocesses but a lateral relationship between the subprocesses. 

Hierarchal relationships which involve the transfer of resources are always 

identified as customer relationships. The customer relationship takes precedent 

over all other relationships. This is due to the importance of resources to the 

operation of a process. Without adequate resources, processes cease to function. 

The first and foremost job of a process manager is therefore to insure that resources 

are available. In most cases a process can assure that resources will be available by 



63 

satisfying the process' customer. To satisfy the process' customer, the process must 

align its goals with the goals of its customer. 

2.7 Alignment 

Alignment is simply the extent to which measurements at one level 

correlate with measurements at a higher level. For example, a traditional QFD 

aligns the engineering specifications for a product with the customer requirements. 

This means that if the engineering specifications can be achieved, there should exist 

a high correlation between achieving these targets and achieving customer 

satisfaction as measured by the voice of the customer. There are two types of 

process alignment: alignment between processes and alignment within processes. 

Alignment between processes is the extent to which the goals of a process 

support the goals of the process' customer. Alignment can be measured by the 

correlation between measurements of process performance and measurements of 

the process customer's satisfaction and success. In most cases processes strive to 

achieve alignment with their customers. This is logical due to the strong 

relationship which often exists between customer satisfaction and resource 

allocation. If a process is to survive it must continue to receive resources, and in 

well aligned organizations, resources are attained by satisfying the process' 

customer. 
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Alignment is important because it is the extent to which an organization's 

processes can support a common goal. Organizations which do not have good 

alignment between processes are eclectic. They may have pockets of proficiency or 

even excellence, but if processes do not support and build on one another, this 

performance cannot reach the end product customer, or if it does, it often produces 

behavior which is incomplete or confusing to the end customer. In contrast, 

processes which are highly aligned build on and support one another to create a 

coherent organizational behavior which is more than the sum of its parts. 

Process alignment is achieved by designing process measurement from the 

top down. If an organization is to work effectively, the enterprise level must have a 

competitive strategy and develop measurements and targets which support the 

strategy. Each process level must develop measurements and targets which ensure 

that the goals of the enterprise are achieved. At each level of the organization, a 

process must identify the goals of its customer. The process must collaboratively 

develop behavioral measurements and targets with its customers to insure that it 

achieves alignment. 

Internally, the process must have a strategy for achieving these targets. 

Alignment within a process is the extent to which the implementation of a process 

supports the goals for the process' behavior. Alignment within a process is 

measured by the correlation which exists between internal measurements of process 

implementation and external measurements of process behavior. 
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For many processes, an important part of the internal strategy will include 

developing subprocess requirements which support its goals and deliverable 

measurements to insure that the requirements have been satisfied. At each level of 

the organization, the performance of the subprocess must be clear to both the 

customer process and the subprocess. Techniques for achieving alignment both 

between and within processes will be developed in chapter three as part of the 

process measurement methodology. 

2.8 Significance of process measurement model 

Now that the problem of process alignment has been outlined, it is useful to 

consider how the process measurement model can be applied to achieve this desired 

alignment. In Figure 2.6, the four relationships which exists between 

measurements and processes are diagramed as arrows. Measurements of external 

process attributes quantify the behavior of a process and in so doing, affect the 

behavior of the process as well. Internal measurements of process attributes 

quantify the execution of a process and in so doing, affect the execution of the 

process as well. The importance of process measurement lies not just in 

quantification but in its effects on process execution and behavior. These 

behavioral effects provide the only practical way to achieve alignment of the highly 

autonomous processes which are necessary for product development. Because 



control over the product development process is so distributed, process 

measurement provides the most practical means to control the product development 

process. 
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Figure 2.6. The relationships between Measurements and 
Processes. 

2.8.1 External process measurements 

The effects which a process measurement has on the process is determined 

by whether it is measuring an internal or external process attribute. The most 

important aspect of the measurement classification taxonomy, Figure 2.4, is the 

delineation between internal and external attributes of the process. External 



67 

measurements quantifi behavior and are visible to those who interface with the 

process. External measurements are therefore the ends by which the process will be 

judged. 

External measurements provide visibility into process behavior. Much is 

said and written about providing visibility into a process". However, most attempts 

to provide visibility actually confuse the process' customer and process 

management with internal measurements of process execution which are only 

indirectly important to the customer. In most cases, the process' customer needs 

visibility into process behavior not process execution. For example, the purchasing 

process at Ford needs to know the relationships between the resources, 

requirements, and the deliverable so that the tire vendor process can be utilized 

most effectively. If Ford is given visibility into the behavioral space of the vendor 

process, Ford may wish to pay more per tire in return for just in time delivery and 

payment on receipt of product rather than tieing up capital in long lead times and 

tire stock. 

When internal problems affect process behavior, the process' customer must 

understand how process behavior has changed not how process execution has 

changed. If equipment breaks down at the tire vendor, the purchasing process at 

Ford need not be concerned with the operational details necessary to compensate 

"Both business literature (Beer, 79), (Harrington, 91) and the object modeling 
literature (Rumbaugh et al., 91) discuss visibility of process implementation and 
behavior. 
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for the breakdown. Ford needs to understand how the vendor process behavior will 

change and for how long. Will deliveries be affected? Will requirements or quality 

be affected? Will the vendor require additional resources from Ford, ie. higher tire 

prices? The tire vendor needs to find the compensation strategy which has the least 

negative effects on process behavior, not necessarily the one which will bring 

operations back to a pre breakdown state fastest. In Figure 2.6 this visibility into 

process behavior is represented by the arrow which connects measurements of 

external process attributes with process behavior. 

Both measurements and metrics of external attributes also affect the 

behavior of the process. Even if no importance is explicitly given to a 

measurement, if people are aware of being measured, the measurement will 

influence their behavior. Likewise, if a process is not measured, many people will 

assume it is not important. Any process with a significant human element will be 

affected by measurement (Harrington, 91). 

The ability to influence behavior is the primary mechanism available to 

control a process externally. This allows upper management and other interfacing 

processes to change the behavior of a process while having only limited knowledge 

of process execution. As an example, if Ford were to request/insist on lower priced 

tires from its supplier, then the supplier has two options. The supplier can either 

change its product to reflect Ford's new requirement (this change may involve 

redesign of process, product, or simply accepting a lower profit margin) or it can 



ignore Fords new requirements (in which case either Ford is not considered an 

important customer, which is unlikely, or the tire supplier does not believe that any 

competitor can undercut their current pricing). If Ford can obtain tires from another 

supplier that meet the new cost requirement, the original supplier is no longer 

viable. Loss of viability is the ultimate behavior modifier. Processes will either 

change to remain viable or perish. 

While changing the product may not appear to be process related, the 

example need only be considered from a process oriented perspective. Ford is 

interested in encouraging more productive behavior from its tire supplier process; 

specifically Ford is interested in the relationship between resources and deliverables 

i.e., efficiency. The Ford purchasing process supplies resources and requirements. 

In return, Ford expects to receive a product/deliverable that meets these 

requirements. The tire vendor is a process from Ford's perspective. Its behavior is 

measured in terms of the monetary resources it consumes, the requirements it 

complies with, and the performance and quantity of its product. If Ford is no longer 

willing to supply the same resources to the vendor process, then the process must 

change or lose a customer. 

Consider a design process. If marketing determines that an automotive 

model must be redesign every three years to maintain a market share, it passes this 

requirement to engineering. Engineering may currently be developing new models 

on a six-year cycle. Engineering must reorganize their processes to satisf' the new 
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three-year cycle. If engineering cannot meet the new requirement, marketing may 

decide to market automobiles designed out of house. 

External process measurements, therefore, are the targets and benchmarks 

by which processes are measured. As such, external measurements are used, both 

by those outside the process, as previously demonstrated, and by those within the 

process, to measure process behavior. Efforts to improve a process should be 

targeted at external measurements. Improving internal measurements without a 

clear relationship to an external measurement, is not good management practice. 

This technique, in effect, is shooting in the dark while hoping to hit something. 

There is no guarantee that such a methodology will result in an improvement and 

these unaligned local optimizations may have negative effects. The effect which 

external measurements have on process behavior is represented in Figure 2.6 by the 

arrow which connects the measurements of external process attributes with the 

process behavior. 

2.8.2 Internal process measurements 

Internal measurements quantify process execution. Internal measurements 

therefore quantify the means by which the process behavior is attained. This 

quantification is represented in Figure 2.6 by the arrow which connects 

measurements of internal process attributes with process execution. 



71 

As with external measurements, internal measurements influence the 

behavior of people. However, internal measurements affect the execution of the 

process directly, unlike external measurements which should only indirectly affect 

process execution. This direct effect on process execution is represented in Figure 

2.6 by the arrow which connects the measurements of internal process attributes 

with the process execution. 

While a relationship must exist between process execution and process 

behavior, this relationship is often complex and unintelligible by those outside the 

process. A purchasing agent at Ford need not understand the processes of a tire 

supplier to specify a lower price. She or he need only know that it is possible to 

supply a tire at the lower price, i.e., competitors are offering lower priced tires, or 

that it is necessary to obtain lower priced tires to remain competitive, i.e., Ford 

cannot produce this automotive model with tires at the current price. 

Internal measurements are therefore used to attain external measurement 

values. For internal measurements to have context, external targets must be 

established and models must exist which relate the internal measurements to the 

external targets. Internal measurements manage the process and specify external 

measurements for subprocesses. If internal targets are base on solid relationships 

between internal and external attributes, then the required behavior can be attained. 

The effort profile graph in Figure 2.5 is an example of internal 

measurements and metrics. Calculating the effort in man-hours for a particular 
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month is an internal measurement of the process. Comparing the actual 

measurement value with the expected/planned value is an internal process metric. 

If the expected/planned profile is a good model for the process, then deviation from 

this profile would indicate a potential problem meeting one or more required 

external measurement values. In this case, the external measurement values might 

be project time, project effort, and/or monetary resources consumed. 

2.9 Process measurement guidelines 

Process measurement guidelines are based on an understanding that 

measurements will affect behavior. Therefore, those in a position to measure a 

process should understand the effect that these measurements will have on process 

behavior and process execution. 

Guideline one: Measure only what is important. Avoid the 

temptation to make a measurement because it is 

easily measurable. 

This guideline is significant because measuring what is not important can 

ascribe importance that does not exist and cause process behavior changes that are 

not desirable. In addition, collecting measurements that are not used or are not 

useful, attacks the credibility of all measurements including those that are 
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important. Therefore, unimportant measurements may have unintended effects on 

process execution, behavior, and lead to misunderstandings of priorities. 

For example, in a documented case (Brooks, 95), a typing pooi was 

instrumented with counters to measure keystrokes. No explanation for the counters 

was given to the typists. However, the typists assumed that this was a measurement 

of their performance. They were being paid to type so they reasonably assumed that 

a bigger keystroke count was better. To generate large keystroke counts the typists 

would spend their lunch break with a finger on the space bar. 

This example brings us to guideline two: 

Guideline two: If people are aware of being measured, then the 

purpose of the measurement should be clear and 

its effects on process execution and behavior 

should be monitored (Brooks, 95). 

Measurements should motivate team members to improve process 

performance. Engineers and managers measuring a process should guard against 

taking a moralistic approach when evaluating process implementation changes. 

Falsification of a measure is immoral but changing process execution to achieve a 

measure is not. Changing process behavior is exactly what is expected of the 

process and allowances must be made for changes in process execution that result 

in improved process behavior. If good internal measures do not correspond with 
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good process behavior i.e., performance, then the process measurements should be 

called into question, not the execution of the process. 

Guideline three:	 Strive for completeness in measurement. Just as 

importance should not be given to insignificant 

attributes, it is also crucial to be vigilant for the 

unidentified or new priority. Leave out one 

important attribute and the process will sacrifice 

it to maximize the attributes which are measured 

(Patterson, 93). 

For example, if a process focuses exclusively on cycle time, the quality of 

its deliverable may suffer or process activities may become intolerable for the 

personnel doing the work, resulting in a large turnover of employees. 

Guideline four:	 Avoid external control using internal measures 

and metrics. This is a warning against micro-

managing processes. 

If one is responsible for managing processes, it is important that the level of 

involvement in process execution be clearly defined. If one's management capacity 

lies external to the process, one is responsible for setting limits and goals for 

external process measures. Internal process measurements are of no concern and 

are easily subverted even if requirements are placed on process execution. 
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Again the typing pooi is a good example. Keystrokes are an internal 

measure of the typist's process. They are an indication of external performance, for 

example a typist that can only manage 20 words a minute will not have good 

performance. However, a typist of 80 words per minute may be superior to a typist 

of 100 words per minute if the slower typist is more productive, i.e., more efficient 

organizing work, harder working, better at identifying mistakes in a document, etc. 

To determine which typist is better, all important aspects of the process deliverable 

must be quantified. The difficulty in quantifying a typist's process performance 

indicates why process measurement is so enigmatic. 

Guideline five: Avoid internal control using external measures 

and metrics. This is a warning against internal 

management through external targets. 

Most readers will recall a situation where a boss stated clear (or clearly 

unrealistic) goals for a process for which she or he was responsible, but did not 

develop a plan to attain these goals and was later dismayed as targets were missed. 

In this case, the manager has abdicated responsibility without assigning authority. 

Abdicating both responsibility and authority may be perfectly acceptable. Here a 

subprocess is developed and the boss need only be familiar with the external 

attributes. However, if the manager is responsible for process execution then the 

manager is not only responsible for developing external targets but also for 
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translating these targets into internal measures, to which individual team members 

or subprocesses can be held accountable. 

For example, a target for cycle time of a complex process will not likely 

have the desired effect unless the person responsible for the process also has the 

authority to establish a schedule which complies with the target. Subtargets must 

be established for each subprocess and these targets must be attained. When 

subtargets are not attained, it must be understood why, how future problems will be 

prevented, and how the remaining targets may be adjusted. If no intermediate 

planning is conducted and no authority exists to maintain a schedule, then any gains 

by individual initiative are often quickly erased by a few problem areas. The result 

is frustration, a lack of accountability, and no clear plan for improvement. Often 

the problem is not even identified. 

Guideline six: Measure processes, not people'2 (STEP, 96). 

12 There is a difference of opinion in the process measurement literature regarding 
this point. The army software testing and evaluation panel recommends against 
using process measurements to evaluate personnel (STEP, 96), while other authors 
recommend the use of measurement to provide motivation and meaning to the work 
performed by individuals (Harrington, 91). It is the authors opinion that measuring 
individuals in team settings is problematic. Individual performances are often 
interdependent and small contributions in the right place at the right time are 
difficult to quantify. For design processes the damage done to the cooperative spirit 
of a shared fate usually outweighs the potential for increased productivity from 
individuals due to measurement of personnel. American business has learned the 
hard way that it is team performance which counts not individual performance, 
(Clausing, 94), (Goldratt, 97). 
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Of course measuring a person's performance to quantiQ,' process execution 

is often necessary but it should be clear that the measurement is not targeted at the 

person but instead at the process. Often the roles of people and processes are 

confused. In many organizations people often think of themselves as one person 

processes. However, people are much more flexible than processes. People are 

required to jump in and out of many different processes. It is this flexibility which 

is the strength of people over automation and with this flexibility comes the 

variability in performance which make us human. Measure a person to the extent 

that his or her variability in performance is removed and all flexibility will be 

simultaneously removed. By such measurement a one person process is created. 

The assembly line worker is created, whose variability is controlled, but also whose 

flexibility and innovative capabilities have been quashed. 

These are general process measurement guidelines which should be 

observed when process measurements are developed and applied. The next chapter 

is devoted to a systematic methodology for developing process measurements. This 

methodology is based on the process measurement theory developed in chapter two. 
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3. HOW TO MEASURE A PROCESS; A SYSTEMATIC  
METHODOLOGY FOR PROCESS MEASUREMENT  

Chapter three will develop a systematic methodology for designing process 

measurements. This methodology is outlined in Figure 3.1, a flow chart of the 

major steps. Each of these steps will be developed as a subsection of chapter three. 

In chapter four, this methodology will be applied to a process measurement 

example. 

Currently in the design process literature, there is much written about 

specific measurements for design process management'3. However, in all the 

literature about what should be measured and why, there is surprisingly little 

practical advise on how to approach the problem. There are some methodologies, 

such as Goal Question Metric (GQM) (Fenton et al., 97), but they are at too high a 

level to provide practical guidance. One goal of this dissertation is to develop a 

methodology with which a design process manager can work through, step by step, 

to develop process measurements which are valid and thorough. As a result of 

' See (Nicholas, 90) for traditional project management measurement. See 
(Paterson, 93 ) for a balanced view of product development process measurements. 
See (Smith et al., 91), (Reinertsen, 97) for financial measures of the product 
development process. See (Moody et al., 97) for a methodology for assessing 
project difficulty. See (STEP, 96), (Fenton et al., 97), (Jones, 97), (Kan, 95) and 
(Henderson-Sellers, 96) for product development process measurement from a 
software perspective. 



79 

Identify
step 1 goals of the 

enterprise 

entify thestep 2 process 

AlignIdentify processstep 3 relationships behavior step 4between withprocesses customer 

Deploy 
competitive 

step 5Process no strategy 
adequately in tern ally 
defined? 

Provide 
customeryes with step 6visibility 

into 
behavior 

All processes no 
adequately _>-
measured? 

yes 

Develop a 
process step 7measurement 
policy 

Figure 3.1. Methodology for developing process measurement. 
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this methodology, process measurement will be reduced to a procedure rather than a 

management art. 

3.1 Step 1: Identify goals of the enterprise 

While satisfying the end product customer is an important and well 

documented goal of the product development process, the end product customer is 

not the only customer of the process. Satisfying the end product customer is only 

one part of satisfying the actual process customer, which for product development 

is the enterprise. 

Just as manufacturing has moved off shore, so too will design if it is not 

competitive. Two decades ago, moving a manufacturing operation off shore or 

outsourcing a product were not common practices. Today, the manufacturing 

processes within an organization are not competing against just the end product 

competitors in the market place, or their own historical performance. 

Manufacturing must compete against overseas production operations with lower 

operating expenses and often with greater capabilities and excess capacity, who are 

looking to supply or produce products under license. While once considered risky 

and expensive to put the reputation of an enterprise in the hands of a subcontractor, 

it is now considered to be conventional. Subcontractors may be able to supply 

access to manufacturing capabilities that could not be developed independently 
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with the existing product volume. Also, while some measure of quality control is 

given over to the subcontractor, if the quality is unacceptable the subcontractor can 

be fired and a new one can be hired. Internal quality problems must be fixed to 

produce a return on the manufacturing investment. 

Design processes should not expect to be treated any differently. If design 

processes in the US do not improve, the developing world can be expected to 

acquire design capability just as it has developed manufacturing capability. 

Already this is beginning to happen in software design. If in house product 

development processes cannot improve their success rate and become predictable, 

then enterprises will move design off shore as soon as the capability surfaces. The 

key to long term survival of design processes is to satisfy the process' customer. 

Product development processes do not exist for their own edification. 

Product development processes exist to serve an enterprise. Product development 

effectiveness can therefore only be measured in relation to how well the product 

development process meets the needs of the enterprise. The higher in the 

organization the process measurement methodology is applied, the better aligned all 

subsequent processes will be to improve organizational performance. Therefore, it 

is ideal to start by identifying the goals of the enterprise. 

Enterprises are primarily concerned with preservation and or growth of the 

organization (Beer, 79). In rare situations an enterprise may be actively trying to 

shrink the organization, but this only occurs when it is necessary for long term 
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preservation. The problem with stating that the goal of an organization is 

preservation and or growth is that it does not convey a means or direction. Growth 

in particular is more likely to be cancerous than not, if it is not carefully aligned 

with a company strategy. Developing a growth and preservation strategy which 

includes a clear direction, and the means to attain growth, is the job of the 

enterprise level processes. 

If a company is to survive and grow, it must do something. 

What is it that the enterprise does? 

What is the enterprise trying to accomplish? 

What are the short and long term goals of the enterprise? 

What strategies will be used to achieve the goals? 

While these question are beyond the scope of the product development process, the 

answers should be known by all members of the organization. If not, executive 

management should be obligated to clearly define its goals. 

Enterprises often communicate their goals in a mission statement. Mission 

statements usually contain the long term strategy for the preservation and growth of 

the enterprise. Mission statements are written so that all members of an 

organization will understand the goals of the enterprise and align their efforts to 

attain these goals. Also, because individuals can better see how their efforts are 

contributing to the overall success of the enterprise, they will be more motivated 

and develop a personal stake in the enterprise. 
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While this concept of documenting a mission statement to align and 

motivate is good, in practice mission statements are generally too abstract to offer 

practical guidance in daily operations. Mission statements usually state behaviors 

that the executive level of the organization would like to see from all lower levels 

of the organization. Mission statements are abstract and vague because they must 

be understood by and apply to so many different levels and areas of the 

organization. Mission statements are written for the purpose of changing how an 

organization conducts its business, yet, in most cases, when the mission statement 

is in conflict with current practice, the mission statement is conveniently forgotten. 

The mission statement is ignored, not because of a desire to sabotage the strategy 

laid out at the enterprise level, but because the executive level which drafted the 

mission statement is not the direct customer of the process. When the process 

customer wants something which is not in alignment with the mission statement, 

the customer is right and the mission statement is set aside or conveniently 

reinterpreted. To do otherwise would be to ignore one's boss. This is why 

alignment must be attained at each level of the enterprise starting at the top with the 

biggest possible picture of the organizations goals. 

Step one need only be performed once if process measures are to be 

developed for multiple processes. If a process manager is only responsible for a 

subprocess of the product development process, and therefore does not answer 

directly to the executive level, then the goals of the next higher process should be 
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identified. However, if these goals are not well defined or do not appear to be well 

aligned with enterprise goals, it may be useful to start by considering the goals of 

the enterprise and working back to the relevant process level so as to befter align 

the process with the true goals of its customers. 

In most organizations, the enterprise level is the direct customer of the 

product development process. The enterprise level provides the resources and 

ultimately will judge the product development process performance based on 

product performance in the marketplace. If the product development process is to 

satisfy the enterprise level it must develop an understanding of the goals which the 

enterprise level is striving to achieve and how product development will support 

these goals. The subjects which are most likely to contain the primary goals of an 

enterprise are money, quality of life, and the environment. 

3.1.1 Money and Return On Investment 

The most common and usually the most important goal of the enterprise 

level is ROl (return on investment). The preservation and growth of an 

organization are usually assured through providing an adequate ROI to the 

principals. If the enterprise is held publicly, then the primary goal of the enterprise 

is to make money. The vast majority of product development projects are 

undertaken to provide ROl (Reinertsen, 97). 
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This simple goal can be complicated when a competitor introduces a 

superior product or when an enterprise is tlying to penetrate a new market. 

Executive management may not expect some product development projects to 

produce a ROT winner, in the interest of deploying a long term strategy to insure 

future profits. However, product development must always remember that 

eventually it must produce an acceptable ROT. A current project which does not 

produce an adequate ROT may be a good investment but only if it creates future 

projects which more than make up for its poor performance. A project with poor 

ROT may be an investment but it is also a loan which must be repaid with interest. 

While the primary, enterprise level, goal of most product development 

projects is ROT, there may be different strategies for achieving this goal. These 

strategies should be sought out by product development if they are not clearly 

stated, and product design should determine, with the help of the executive level, 

how it can best support the strategies of the enterprise. One should be careful to 

avoid the overly simplistic goal of cost cutting. While it is always good to 

eliminate waste, it is often difficult to determine what is and is not waste unless one 

has a positive goal to achieve. 

A privately held or non profit enterprise may have somewhat different goals. 

In the case of a privately held enterprise, the product may be developed primarily 

for the edification of the principals with little or no economic justification. An 

example of this type of project is the Voyager aircraft. Specifically built to fly 
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around the world, nonstop and unrefueled, it had no economic justification. It was 

designed, built, tested, and flown with the sole purpose of making one record 

breaking flight. The goals of the principals were to set the ultimate unrefueled 

distance record thereby attaining personal satisfaction, increasing their knowledge 

of long distance flight, increasing their professional prestige, and possibly attaining 

historical fame. As yet there has been no direct technology spinoff 

in the case of nonprofit organizations, the product may have humanitarian 

merit but lack a sufficient market to justify a traditional, economic based product 

development project. Examples of these projects are braille computers, prosthetic 

devices, etc. 

A product development process must understand the nature of the 

organization within which it operates and tailor its strategies to support the goals of 

the enterprise level. Money is usually the most important aspect of the relationship 

between the enterprise level and the new product development process. Therefore, 

the new product development process must clearly understand how it fits into the 

monetary strategy of the enterprise. 

To satisfy step one, the product development process must have clear 

economic targets for each project in the short term and long term targets for future 

market performance, future product performance, and future process performance. 

These should not just be wishful targets, but based on solid measurements of the 

competition and market trends. This information must come from the enterprise 
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level, and the enterprise level must both believe it to be accurate and be committed 

to achieving the targets which are established. Without these targets, product 

development processes have neither the motivation to improve nor the authority to 

implement changes and acquire the necessary resources. 

3.1.2 Quality of life 

Besides return on investment, an important consideration of any enterprise 

is quality of life. This includes quality of life for the members of the enterprise, the 

customers of the enterprise, and the neighbors of the enterprise (both in a business 

and geographical sense). Decisions which have a negative impact on the quality of 

life for any of these parties often yield a false economy. Quality of life is an 

important component of employee loyalty, industry reputation, and government 

cooperation. Quality of life is also difficult to quantify. Some components are 

pride in one's work, a sense of appreciation, a sense of community, security, respect 

for the values of both the majority and the individual, integrity and professionalism 

in business dealings, flexibility of commitments, and loyalty. A content workforce, 

cooperative government, and supportive community are all important to 

organizational success and difficult to recover once lost. 

The Japanese are often commended and criticized for taking quality of life 

considerations to an extreme with policies such as life time employment and 
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managed competition. Japanese enterprises often consider how hard they should 

squeeze a competitor because of the possible negative effects (increased 

competition, regulation etc.). 

Product development processes need to consider how they will contribute to 

or detract from the organizations quality of life. Will unreasonable working 

conditions or project deadlines, burn out employees or organize labor resistance? 

Will the growth required by a product development project be received positively or 

negatively by government and the community? A project which pencils out well 

may carry quality of life problems which make it unfeasible. 

To satisfy the requirements for step one, product design must have clear 

guidelines which protect employees, and the community from the pressures of the 

project. These guidelines must also establish clear policies for governmental 

regulation compliance. These guidelines must be a weapon of the project manager 

which allow him or her to stand up to the immediate pressures and make the best 

decisions for the long term. Without enterprise level guidelines which restrain 

project managers, the pressures of the project at hand will push them to overwork 

their team and ignore the negative effect which may develop from the project. 

Again, these guidelines or company regulations must come from the enterprise 

level. 



3.1.3 Environment 

Obviously the effects on the natural environment are becoming an ever 

more important consideration of enterprises. The economics ofpollution are 

continually changing. In general pollution becomes more costly and carries greater 

liability every year. Pollution which is allowed to take place today can be even 

more costly for an organization tomorrow. The enterprise level should have clear 

policies regarding environmental pollution because the complete elimination of 

pollution is impossible and what constitutes pollution is both subjective and 

continuously changing. The product development process needs to align with the 

enterprise level goals for pollution so that manufacturing process and product 

decisions can be made in an informed and consistent way. With the possible 

introduction of carbon trading and other market measures, enterprise level goals for 

environmental pollution may become more common and more easily dollar valued 

than quality of life considerations. 

To satisf' step one, the enterprise level needs to provide guidelines for 

dollar valuing worker health risks and environment emissions, even if they are not 

yet forced to do so by the government. Without this information, informed 

decisions cannot be made at the product development level so environmental issues 

which are not specifically mandated by government are ignored. Unfortunately, 

dollar measurements of health risks and environmental degradation are often seen 



in a negative context by judges, juries, politicians, and the uninformed population. 

This is a difficult problem, but one that the enterprise level should be obliged to 

solve. 

3.2 Step 2: Identify the process 

It has been stated previously that in order to create a meaningful 

measurement, the entity being measured must first be identified (Fenton, 97). The 

identification of an entity will involve a detailed description, definition, and or 

measures of the entity. The more rigorous the measurement, the more rigorous the 

identification must be. Therefore, to measure a process, its purpose and function 

must first be identified. 

Identifying a process is not a trivial problem. There are so many interrelated 

activities in the product development process that it can be difficult to group them 

into processes which are both efficient and whose purpose and function are generic 

across all projects'4. There is no correct break down of processes and each 

organization must identify those processes which are most critical to their success. 

However, in most organizations it is possible to identify some or all of the 

following processes: 

For a mathematically based technique for designing product development 
processes based on the operational dependencies between tasks see (Eppinger et al., 
90). 
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the new product development process 

the process which establishes business requirements for the project 

the fuzzy front end 

1 the process which captures the voice of the customer 

the planning and scheduling processes 

the process responsible for system requirements 

the process responsible for developing part requirements 

the process responsible for developing manufacturing processes 

the advertising and distribution processes 

the customer support processes 

the mechanisms for process improvement 

the process which plans product life cycles 

This is not an exhaustive list of product development processes and many of these 

processes will have subprocesses which are specific to a particular enterprise. The 

purpose of this list it to help the reader to identify the processes within his or her 

own organization. Sections 3.2.1 through 3.2.12 are devoted to considering each of 

these processes in detail. 

In many cases, the processes which are identified can be further divided into 

subprocesses. These process subdivisions can continue down to the second by 

second cognitive processes that the human brain uses to manipulate information 

(Uliman et al., 88). Obviously the granularity which is useful for business is 
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considerably higher than the cognitive level. It is assumed here that business is 

primarily interested in managing processes which involve teams of people 

(Harrington, 91). The product development process as a whole should therefore be 

decomposed into subprocesses only down to the level where teams of people must 

use a process to coordinate and align their efforts so as to achieve a team goal. 

Management of individual tasks, where one person is responsible for a deliverable, 

is considered to be a personal management issue which is not an appropriate 

process measurement subject. 

The deliverable for step two is a detailed description of process purpose and 

function. The goal of this step is not to wring out inefficiencies but to describe the 

process which exists. All tasks and activities which are performed in association 

with a process need to be described or lumped into subprocesses. 

3.2.1 Identify the new product development process 

How are new products developed at your enterprise? This question is of 

course designed to identify the new product development process. Does the 

organization actively develop new products? How were the existing products 

developed? These questions try to identify whether or not the enterprise actually has 

a product development process and if so what is it. Not all enterprises have a 

product development process. Some enterprises have acquired or licensed the 



products they produce. The product development process of these enterprises is 

loosely equivalent to a purchasing process. 

Many enterprises which do produce new products have no clear idea of how 

products are developed within their own walls (Hales, 91). In these cases the 

product development process is strictly the domain of the project manager. The 

process is generally ad hoc. Managers will justify this by claiming that they are 

faster and more creative if they are not constrained by a documented product 

development process, but generally an ad hoc process is slower and more likely to 

create mistakes. Many enterprises which have a so called documented processes do 

not follow them. They hired a consultant to draw up a best practice product 

development process for their enterprise. The process is carefully documented in a 

binder and additional binders exist for all of the intermediate deliverables and gate 

evaluations, but none of the engineers use the process, most believe that it is a 

waste of time, and few understand it. Likewise the binders which are supposed to 

be packed with project information remain bare, or if there is a process stickler in 

management, then the binders fill up immediately before a process gate where this 

person will preside, defeating their purpose as a method to facilitate and manage 

communications though preserving to some extent their function as documentation. 

Therefore it is important that the processes which actually exist are identified, not 

the processes which are supposed to exist. 



If a product development process exists, then the subprocesses and 

interfacing business processes should be identified. These need not all be identified 

at once. Often it is befter to iterate. Identify a process, start with the product 

development process as a whole. Develop measures for this process, then start over 

with the newly identified interfacing processes and subprocesses. 

3.2.2 Identify the process which establishes business requirements 

How are the business requirements for the product development process 

established? The highest level process is the enterprise level. Measurement and 

control at this level are, in general, beyond the expertise and scope of product 

development managers. However, a product development project manager needs to 

identify the goals of the enterprise and translate these goals into behavior of his or 

her product development process. Once measurements for the product 

development process as a whole have been established, the subprocesses can be 

identified recursively. However, if a manager is responsible for a subprocess, then 

the manager must start there by identifying the goals of this process's customers. 

Because the subprocess must satisfy its customers it cannot align directly with the 

enterprise level. The subprocess manager can only hope that those processes which 

are positioned above his or her process organizationally, do a good job of aligning 

to the enterprise level. 



Often the product development process is not well documented. 

Measurements become meaningless when the process being measured is not 

defined or when its responsibilities are allowed to change in undocumented and 

unpredictable ways. Once the product development process is identified, its 

subprocesses can be identified. 

3.2.3 Identify the fuzzy front end 

How are product ideas developed, cultivated, and culled? This is generally 

referred to as the fuzzy front end of a project. In many organizations this part of the 

design process wastes the most time, does not effectively cull out the best product 

ideas, and in general is managed poorly. As evidence one need only consider the 

high and stable rate at which new products fail in the marketplace'5. Many of these 

failures are the result of developing the wrong product and can be traced directly to 

decisions made during the fuzzy front end. Additionally, it is not uncommon for an 

organization to sit on a good product idea while the products which are developed 

fail. 

Often there is resistance to documenting and measuring the fuzzy front end. 

Poor practice is often justified in the name of creativity or expediency. There 

15 Roughly half of all products which are released, fail; "56% of all products 
launched are still on the market five years latter," "46% of all new product 
development costs go to failures." This failure rate has remained stable for 25 
years. (Power, 93) 



seems to be a belief that not only is process documentation and measurement of the 

fuzzy front end a misguided waste of time, but that it will have a negative effect on 

product quality. 

This phase of new product development is referred to as fuzzy because it 

lacks rigor and formality. However, fuzziness in process rarely leads to the best 

product or an efficient process. A fuzzy process leads to fuzzy thinking, poor 

decisions, and poor process efficiency. 

Process measurement of the fuzzy front end will be an important part of 

improved design process performance. An important part of the fuzzy front end is 

whether markets are adequately identified and whether adequate business plans are 

drawn up to justify further effort of one product idea versus another. The fuzzy 

front end is not a straight forward process. Product ideas, often cannot be 

developed on a schedule. Often several ideas must be considered, taken apart, and 

reconfigured before an idea with real potential can be developed. Also, the 

potential of a new product idea may depend on the application of a new technology 

or the collateral development of other products. These projects may involve large 

uncertainties and great risk but a good process will document and manage these 

uncertainties so that good decisions can be made. Because such a large percentage 

of product development time is devoted to the fuzzy front end of a project, it is 

important that this process be identified and measured carefully. Timely and 

reasonably accurate sales and marketing estimates as well as accurate product 
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performance estimates are critical for making informed decisions during the fuzzy 

front end. 

3.2.4 Identif' the process which captures the voice of the customer 

Where does the voice of the customer come from? How is it documented? 

How is it addressed? Capturing the VOC (voice of the customer) is a well 

documented but underutilized product development subprocess. There are many 

different methods such as: interviews, focus groups, surveys, and rapid prototyping 

which have proven useful for capturing the VOC. h many instances it may even be 

acceptable or necessary to rely solely on the experience of the design team 

members. Regardless of how the VOC is captured, experience has shown that a 

controlled process is important. The target customer must be carefully identified 

because no product can be all things to all people. The VOC must be documented 

in a form that is usable by all product development team members. One should be 

careful that the VOC is utilized in down stream processes in a meaningful way. 

The best tool available to align product development with the VOC is Quality 

Function Deployment (QFD). When the customer's voice is not documented in a 

formal way there is a risk of developing a technology rather than a product. 

Carefully capturing the VOC can also be a way to generate new product 

ideas; it can be a way of analyzing, developing, or modifiing existing product 
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ideas; and it can also be an important tool for product development, to refine a 

promising concept into a product. Depending on the complexity of the product and 

the newness of the market, documenting the VOC may occur once at the beginning 

of the new product design process or it may have to be repeated as the design team 

and the customer becomes familiar with possible product capabilities. It may also 

be necessary to capture the VOC at a finer granularity for subsystems once the 

overall product concept has been established. 

Regardless of when, how, or how often the VOC is documented, there 

should exist a process for efficiently developing this information. Process 

measurement will be an important tool for insuring that the VOC has been 

adequately captured and that the process is efficient. 

3.2.5 Identify planning and scheduling processes 

Who is responsible for planning and scheduling and when is it done? 

Resource planning and scheduling is of course a key element for the success of any 

project. The planning process should therefore be systematic and thorough. It must 

also take into consideration the needs of the project. The decision to proceed with a 

very time critical project may hinge on whether the available resources can be 

scheduled. The accuracy with which this planning is done and updated can be 

critical to overall project performance. It is therefore critical that planning 



processes be identified and that their performance be measured so as to develop the 

required behavior. 

3.2.6 Identify the process responsible for system requirements 

How are system requirements developed and aligned with the VOC? It is 

not uncommon for the design process to produce the right answer to the wrong 

question because product requirements were not developed in a systematic way. At 

a lower level, mistakes are often designed into a product because system 

requirements on subcomponents are not adequate or not aligned with the product 

requirements. The only available tool for developing system requirements which 

are aligned with the VOC, and subsystem requirements which are aligned with the 

overall system requirements, is QFD (Quality Function Deployment). Because 

QFD is the only tool available to attain alignment from one system level to the next, 

serious consideration should be given to using it whenever there is sufficient 

complexity to warrant a formal process. 

Hopefully, process measurement will both improve the methodology and 

application of QFD as well as to help develop alternative methodologies which are 

better suited to special circumstances. To achieve these goals it is important that 

the processes which utilize QFD to develop system requirements from the VOC be 

measured and controlled. 
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3.2.7 Identify the process responsible for developing part requirements 

How are the part requirements developed and aligned with the VOC? For 

purchased components or relatively routine design, part requirements are developed 

at the system requirements level. However, when special parts must be designed 

and manufactured, the system requirements should be carefully deployed to the part 

level. This has been a problem where QFD, though theoretically appropriate, has 

been less successful in practice. Hopefully process measurement can improve best 

practice in this area. 

3.2.8 Identify the process responsible for developing manufacturing processes 

How are manufacturing processes designed and deployed? This topic is 

well documented in the Concurrent Engineering literature and more recently 

referred to as Integrated Product and Process Development. Because of the focus 

this topic has maintained over the past two decades, much emphasis in production 

process development and measurement already exists. However, true concurrent 

engineering remains the exception rather than the rule. This is due largely to the 

creation of processes without a clear understanding of their attributes or the 

required behavior that they should produce. The current practice is to make a team 

which looks concurrent and hope that it creates a process which is concurrent. 

Good process measurement can go a long way to make truly concurrent processes 
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by making the process and the required behavior obvious to both the team members 

who do the process work, and the other processes which must interface with the 

concurrent design process. 

3.2.9 Identif' advertising and distribution processes 

How is the product advertised and distributed to the customer? Many 

product development processes orphan their babies at the point where they have the 

most invested and the most to loose. A well designed product with a large market 

demand will not make money sitting on the loading dock or even on store shelves if 

the end product customer is unaware of its attributes. The new product 

development process must insure that potential customers are educated as to the 

strengths of the new product. Timing is important because an announcement which 

is too early may kill existing sales and/or anger the customer who must wait an 

excessive amount of time to obtain the new product. However, if the timing is late 

some of the most valuable market opportunity window is lost. This is especially 

important when a competitor may release a similar product. 

The new product development process should also consider issues of 

product availability. Is the product being produced in sufficient quantity? Is 

distribution shipping the product to the locations where it is in demand? Are 

retailers providing adequate promotion and shelf space? A complete product 
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development process must include getting the product into the hands of the 

customer. While each of these issues is the primary responsibility of another 

process; production, advertising, and distribution; new product design cannot afford 

to drop all responsibility for the success of the product at the loading dock. The 

new product development process should have subprocesses in place which 

advocate for the product all the way to the customer. 

3.2.10 Identify customer support processes 

How is the product supported in the field? While not as bad as orphaning a 

product on the shipping dock, ignoring a product in the field will under most 

conditions reduce its viable life16. Field support offers both a unique opportunity to 

identify changes for the next generation and to head off potential problems which 

could damage the product and company reputation. Even the best design process 

can be expected to design some mistakes into the product which remain undetected 

until the product reaches the customer. In some cases the mistake has a trivial 

effect on performance. In other cases customers can accept the limitations imposed 

by these mistakes if mitigating procedures are developed. In yet other cases the 

product must be immediately recalled and the design must be changed to eliminate 

the mistake. Few things are more aggravating to a customer than a clearly 

16 See (Ullman, 97) for product life cycle considerations. 
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defective product design and a company which is either unable or unwilling to 

provide support. This will quickly destroy the reputation of an otherwise excellent 

product and even an otherwise excellent company. 

Product mistakes are even more serious when the functional deficiency 

produces a risk to persons or property. Many prosperous companies have been 

bankrupted by liability litigation on products which are regarded by both the 

average product user and the experts as safe and effective. Even unintended uses of 

the product may be seen by a court as a mistake in design. Users will always find 

unintended uses for a product. These new product functions may create new 

market opportunities or liability nightmares. Either way, monitoring product 

performance in the field should be an ongoing effort by new product design and 

new uses should be addressed as soon as they occur. 

3.2.11 Identify mechanisms for process improvement 

How are lessons learned fed back to the next generation? The primary way 

to avoid repeating mistakes is to learn from them. It is therefore important that 

information be fed back to the appropriate processes to improve future process 

performance. Feeding information back to improve the design process, most 

commonly occurs through firefighting and postmortems but can also come from 

identifying problems in existing products while capturing the VOC. 
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There are several problems associated with relying on firefighting to feed 

information back to improve the process. 

First, those involved in firefighting are focused on operational details not 

metaoperational management. There is usually little time or capacity 

available to analyze the process implications of a problem or to mitigate 

against future problems. 

Second, the individuals or teams which are responsible for fighting the fires 

may not be the same as the team members of the process which was 

responsible for creating the original problem. Therefore, information is not 

always passed back to the process that is creating the problems. 

Third, team members of the process which created the problem are often 

defensive and avoid information regarding problems because their 

performance evaluations will suffer as a result. 

Fourth, the team members of the process responsible for a mistake may also 

question the objectivity of the firefighters because it may be in their interest 

to show the maximum possible negative effects to enhance their 

performance evaluations. 

Fifth, if the team which is responsible for firefighting was also responsible 

for the process which created the problem, then there is a tendency to 

minimize the problem and hide any process shortcomings. 
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Postmortems are currently the most common ways to feed process oriented 

information upstream. While useful, postmortems retain much of the same finger 

pointing and responsibility ducking that occurs with firefighting. This generally 

creates an unpleasant process where people are most defensive with regards to the 

projects and process areas that deserve the most attention. Also, postmortems are 

too late to make a difference in the project being examined and too late to hold 

relevance for many team members. 

The function of feeding infonnation upstream may deserve its own ongoing 

process. When process oriented problems are identified, this information should be 

fed back. For example when problems are identified in the field this information 

needs to be feed back to the appropriate design or manufacturing process, 

efficiently. When design problems lead to manufacturing difficulties, it may be 

more efficient if this information is sorted out and fed back to design by a more 

neutral party than the production process. Also regardless of the origin of the 

information, the process which feeds information back must have technical 

credibility with both design and manufacturing processes. Credibility is often a 

problem when sales, marketing, or even when a customer complains directly to 

design or manufacturing. Credibility can also be a problem when one functional 

area wants a change that affects other areas, such as a manufacturing change which 

affects product function. 
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Another important aspect of feeding information back into the new product 

development process is presentation. Is the information in a format that can be 

absorbed by the intended functions and is it presented at an appropriate time when 

it will benefit the project and when the development team can assimilate it? A 

process which feeds information back should take care to be more than just a fire 

tower which spots the smoke that everyone already sees and only causes confusion 

by creating yet one more piece of redundant information. A process which feeds 

information back must collect, process, and guard information on all of the liftie 

problems which are not yet big enough to create a lot of smoke. This process must 

eliminate the firefighting cycle that occurs with most new products. 

One problem with feedback in the design process is that it all tends to be 

negative. Nobody likes to get bad news especially when your performance will 

probably be judged based on the worst news you get. This leads to people avoiding 

feedback like the plague. This is especially tragic because process areas which 

receive feedback, present the greatest opportunity for process improvements. From 

a career standpoint, it is generally better to associate oneself with a process area that 

is performing well rather than be blamed for and saddled with the problems that no 

one else wants. This leads to finger pointing and maneuvering away from a 

problem rather than working together as a team to develop a solution. In fact, much 

of the finger pointing is accurate because few problems are the result of only one 
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individual. However, finger pointing only delays or prevents the best solutions 

from being developed. 

Some form of profit or goal sharing appears to be a useful technique for 

developing a team stake in a project. Because of the shared fate of the team, there 

is less individual benefit associated with unproductive finger pointing. Goal/profit 

sharing are also a good way to provide positive performance feedback through 

resource allocation. By tieing resource allocation to process performance, 

incentives are created to seek out negative feedback as useful information for 

process improvement and therefore for personal gain. 

3.2.12 Identifj the process which plans product life cycles 

How is the product retired? Careful consideration of product retirement 

may be as important as product introduction. The conventional wisdom is that new 

products beat old products and therefore there is a continuous rush to introduce the 

next product. This has lead to the ever shortening design cycle and product life. 

Much of the pressure to release new products faster is the result of new technology 

being developed and introduced at an ever increasing rate. This has been especially 

true for any products which utilize integrated circuit technology. However many 

mature products are redesigned solely for the sake of introducing a new product. 
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Often there is an assumption that the next generation must be developed 

without an analysis of whether the product can be improved with available 

technology. Most products can be improved in an incremental way: fixing 

mistakes, improving reliability, adding a new feature, etc., but a completely new 

product usually requires the application of a new technology or the identification of 

a new market. The perceived need to create new products without new technology 

or markets often leads to pretend designs (Clausing, 94). Pretend designs are new 

designs which are produced to be new and different but are not clearly better than 

their predecessors. 

Pretend designs offer the opportunity to introduce design mistakes without 

the justification of clearly superior functionality. Obviously pretend designs risk 

both the product and company reputation. They can also confuse and anger 

customers. No one wants to pay more to replace an existing product with a new 

one of dubious benefit. 

Pretend designs also leaves sales in the difficult but common position of 

hyping product changes rather than the benefits to the customer. Does one really 

need the new car model with a V6 engine when the previous 4 cylinder model got 

better mileage, had more trunk and leg room, was more reliable, and accelerated 

only marginally slower? Yet, rather than focus on external attributes such as 

mileage, interior space, exterior dimensions, turning radius, etc., they must instead 
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emphasize the change in an internal attribute; number of cylinders, number of 

valves, displacement, type of fuel delivery system, power, etc. 

Pretend designs often create confusion in the product line. If a product 

cannot be improved, then there is a tendency to make it into the more expensive 

product because after all, the more expensive product is better, right? So put in a 

more powerful engine; more displacement, more cylinders, more valves, change the 

body styling; make it bigger, or longer, or wider, etc., change the interior; expensive 

upholstery, louder stereo, more cup holders; when you finish it is almost the same 

as the next model up. This creates a duplication in product offerings so that the 

next model up must also be redesign to look like a more expensive model. This 

looks good to accountants because more expensive cars generally have greater 

margins. However, after a few design cycles, the customer ends up paying a 

marque price for a common utility brand. The bottom of the market is either 

abandoned or a new pretend design must be created to take the place of the original 

design before it was upscaled. Instead of racing to the next new product, 

companies should consider when is the best time economically to replace the 

product. When can the design be improved in a way which will be meaningful to 

the customer. 

Another important consideration is how will the existing product be 

supported. Every new part costs money to produce and stock. If new products are 

introduced with greater frequency and if the in service life of products increases, 
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then the number of parts and the support knowledge which must be maintained also 

increases. Because product sales lives shorten, due to pretend design, each product 

has fewer total sales to justify the field support. Attempts to reduce this support 

burden are seen by the customer as an attempt to obsolete their existing product 

which they have not used as much as its predecessor. 

In addition to whether or not an existing product can be improved to the 

extent necessary to justify a new product, the enterprise must consider whether 

resources will be available to develop a new product. Over commitment of 

resources through poor project planning and a mistaken belief that product 

development efficiency can be improved by pushing more projects into 

development, have resulted in poor resource management (Smith et al., 91). The 

resulting multitasking produces delays and large setup loses. There is reason to 

believe that projects will actually finish sooner if the start is delayed until adequate 

resources can be secured (Goldratt, 97). Identifying the process or processes which 

are responsible for product retirement may be an important part of attaining 

enterprise level goals. 

3.3	 Step 3: Identify relationships between processes (Who is the customer 
for what?) 

Once a product development process has been identified, the relationships 

between processes can be documented. As was demonstrated in chapter 2, the 



relationships between processes have a profound effect on the definition and utility 

of process measurements. 

This step goes hand in hand with identifying the process'7. It may be 

necessary to iterate between identifying processes and identifying the relationships 

between them as indicated by the first decision point in Figure 3.1. The 

relationships which exist between processes are defined by the external attributes of 

the process; specifically the resources which are consumed, the requirements which 

are met, the deliverables which are produced, and the process' responsibilities for 

the end product. Step three is satisfied by documenting this flow of resources, 

requirements and deliverables as well as defining the areas of process responsibility 

for a given process. 

Documenting processes and their relationships is roughly equivalent to the 

SEIICMIVI level 3 process (Bate et al., 95). The product development process is 

defined as a coherent whole which allows managers and technical staff to perform 

more effectively. 

' For a mathematically based technique for designing and organizing product 
development processes based on the operational dependencies between tasks see 
(Eppinger et al., 90). 
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3.3.1 Identify deliverables (Who needs what from whom?) 

Iterating between process identification and identifying the relationship 

between processes is logical, because the only justification for the existence of a 

process is to produce a deliverable. Identifying deliverables is therefore the place to 

start when identifying the relationships between processes. Yet deliverables are not 

always obvious and it is not always clear exactly how they are produced. Therefore 

it may be useful to iterate between identifying processes and deliverables. This 

iteration is depicted in Figure 3.1 by the "process adequately defined?" gate after 

step three. 

When the deliverables are identified it may become obvious that the process 

must be changed to better suit the deliverable requirements. The ultimate goal is to 

establish the chain of deliverables from the initial product idea, to the 

manufacturing drawings, to the product in the customer's hands. This chain of 

deliverables will document the flow of information as it travels through the product 

development process. It should be both logical and as short as possible. The chain 

of deliverables should support the goals of the enterprise. 

Process relationships based on the precedence of deliverables are described 

in PERT diagrams. CPM diagrams model the availability of resources such as 

personnel and facilities as well as the precedence of deliverables to optimize 

resource allocations (Nicholas, 90). These techniques are important tools for 
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managing processes based on their relationships but they only model a subset of the 

relationships which exist between processes. PERT and CPM are focused on 

managing the process as it exists, not on facilitating process change. PERT and 

CPM also ignore the business relationships between processes because they are 

operationally focused. Unless the process' customer relationship reinforces the 

PERT or CPM based management, these tools will not be used as effectively as 

they could be and in fact may often be ignored. 

While process measurements need to be aligned from the enterprise level 

down, it may be useful to trace the chain of deliverables backwards. Each upstream 

deliverable should be scrutinized to determine how it adds value to the down stream 

deliverable. In this way if a deliverable does not add value to the end product, the 

process which produces it can be modified or eliminated from the product 

development process. Processes exist to add value to the flow of information, not 

to process upstream deliverables into down stream deliverables. 

Bottom up approaches to process analysis are often useful but very labor 

intensive. The granularity of any bottom up approach should be considered 

carefully before starting to insure that the benefits will outweigh the costs 

(Harrington, 91). 

The ultimate effectiveness of any process is determined by the quality of the 

end product. Therefore areas of responsibility should be established for each 

process. Of course there is tremendous overlap in responsibilities between many 
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processes and ultimately one must look at the deliverables to determine process 

performance. For example, if a product is developed and it performs flawlessly, yet 

few customers buy it, one needs to identify the marketing and design processes 

responsible for establishing the product specifications. Once the processes with the 

general responsibility have been established, then the deliverables of the individual 

processes can be evaluated to determine why the wrong product was developed. 

Establishing the chain of deliverables is an important part of defining the 

product development processes. The deliverable is the most important attribute of 

any process and the only justification for process existence. The deliverables of 

each process and their purpose must be clearly defined if the process is to be 

measured. 

3.3.2 Identify requirements (Who requires what from whom?) 

Requirements are produced by many sources. The deliverables of one 

process are often the specification or requirements of another. In addition, 

requirements may come directly from the customer, business constraints or policies 

(limits on overtime, hiring, firing, spending, etc.), the government (laws, codes, 

regulatory agencies, etc.), industry wide organizations (ASME, SAE, ASTM, etc.), 

or legal constraints (UL, label requirements, fool proofing). The requirements for 

the product are well documented by QFD but these are only a subset of the 
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requirements which the process must meet. In addition to product requirements, a 

process manager must also meet many requirements on the process: development 

time, development cost, overtime policies, deliverable requirements, etc. 

As was noted in chapter 2, deliverables can only be measured in relation to 

the requirements which are placed on them. Therefore if deliverables, and by 

association the processes which produce them, are to be measured, the requirements 

on the deliverable must be clearly defined. Requirements may also apply to process 

performance. Most often requirements are placed on resources consumed. Again, 

without well defined requirements, measurements of process performance remain 

subjective because the criteria for measurement and the interpretation of the 

measures is left to the process which generated the deliverable. 

3.3.3 Identify the flow of resources (Who pays whom?) 

The flow of resources has a profound effect on the relationship between 

processes. The process which supplies resources is the customer and the process 

which receives resources is the subprocess. For example, a store is a subprocess of 

a customer even though the store process is much bigger. This relationship is 

summed up by the statement that "the customer is always right." When the process 

which supplies the resources also supplies the requirements and collects the 

deliverables, then the subprocess is clear. However many process relationships are 
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more complicated. The process which supplies the resources may only supply part 

or none of the requirements. Also the process which supplies the resources may not 

collect the deliverable. It is only human nature that the needs of the process which 

supplies the resources are addressed first and all other processes come second. 

This is one reason for the success of market economies over planned 

economies. In a market economy resources are tied to deliverables. Most 

processes which provide requirements and receive deliverables, also must provide 

resources which are established by the market, and therefore by definition should be 

adequate. The process which produces the deliverables most efficiently can 

undercut the market and win. In planned economies, the relationship between 

resources and deliverables is less clear or is mandated and therefore there is no 

incentive to improve. The processes which receive the deliverables are often not 

the processes which supply the resource or requirements. 

Internally, business enterprises tend to resemble planned economies. 

Resources are generally allocated through accounting and purchasing departments. 

Yet these departments do not supply requirements or receive deliverables other than 

what is required for accounting purposes. This sounds simple because most 

organizations have accounting departments which track resources; primarily 

dollars. However, in a highly multitasking environment this accounting is often 

meaningless (Goidraft, 97). In addition organization should consider allocating 
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resources to teams in a way that creates a common stake in the project for all team 

members. 

The importance of defining and measuring the resource attributes of any 

process were covered in chapter two. Resources are obviously an important 

external attribute of any process and should be adequately documented and 

measured. 

3.4 Step 4: Align process behavior with customer 

The goal of process measurement is to predictably achieve the process 

behavior which will satisfy the process' customer, thereby improving the 

performance of the enterprise as a whole and ensuring the existence of the process. 

Therefore, process measurements must be developed which define and quantify the 

process behavior that is important to the process' customer. In step four, the 

external attributes of the process will be identified, measurements of these 

attributes will be developed, and target values for these measurements will be 

established. 

This step is equivalent to the SEI!CMJVI level 4 process (Bate et al., 95). 

Detailed measures of process and product quality are collected and the process and 

product are quantitatively understood and controlled. 
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To develop process measurements, a tool is needed to organize process 

attributes and their measurements and to identify the relationships which exist 

between internal and external attributes and measurements. The best tool, which 

the author is aware of, for aligning measurements of different organizational and 

conceptual levels is QFD. In this case, the operations of the process must be 

aligned with the goals of the process' customer. However, QFD as originally 

envisioned, only considered the attributes of the product. Product attributes are an 

important part of process measurement but QFD must be expanded if it is to 

consider all process attributes. 

Figure 3.2 is a QFD matrix which has been modified for process 

measurement. This QFD matrix is therefore referred to as a process measurement 

matrix. Notice that, when compared to a conventional QFD matrix, where one 

would expect to find the voice of the customer room, to the left of the central 

matrix, instead one finds a room for the "basic measurements of resources, 

requirements, deliverables, and product." These measurements document the 

external attributes of the process. Notice that the row entries of the process 

measurement matrix quantify the external behavior of the process. 

The basic external attributes and their measures; resources, requirements, 

deliverables, and the product; are related through the triangular matrix of "complex 

measurements of resources, requirements, deliverables, and product." This 

triangular matrix has the same form as the "hat" or "attic" of a conventional QFD 
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matrix except that the entries in this matrix identify not only relationships but 

measurements which can be used to quantify these relationships. The format of the 

"basic measurements of resources, requirements, deliverables, and product" room 

and the "complex measurements of resources, requirements, deliverables and 

product" room is shown in Figure 3.3. Figure 2.4 has been reproduced here so that 

Complex 
Resource Resources 
Measurements 

Planning 
Measurements 

E ffi c e ncy 
Measurements 

Complex 
Requirement 
Measurements 

Requirements 

Effectiveness 
Measurements 

Deliverable 
Conform ance 
Measurements 

Effective 
Conformance 
Measurements 

Complex 
Delixerable 
Measurements 

Deliverables 

Product 
Conformance 
Measurements 

Complex 
Product Product 
Measurements 

Figure 3.3. External measurement rooms of the process measurement matrix. 



Complex measurement categories 

ernalAttej_______Effecflren.so I Extereul Attributes I 

Management 4 
Measure men!, 

Requirements 
)Managem en! 

Measurements 

Resource 
Management 
Measurements 

Effective 
Conformance 
Measuremento 

(sf:ss Requirements Deliverables 
eoduul 

Morets 

!:nts 

External Attributes 

rxns 

Tiirrable, 

I External Attribxtes 

rces 

-eemnnle 

__Enrubles 

Deliverable 
Conformance 

Plsnn:ng ..q' Measurements 

fft 
z:::mento 

Internal Attributes 

- Product 

External Attributes 

- I 

Messuremento 

Figure 2.4. Taxonomy of Complex Process Measurements for a Generic Product Development Process. 



122 

the reader can identify how the process measurement classifications which were 

developed in chapter two are used in the process measurement matrix. Note that, 

where appropriate, the basic product measures can be bifurcated into internal and 

external categories, thereby providing cells for the "product measurements" and the 

"business measurements." 

On the right hand side of the process measurement matrix is an identical set 

of rooms for benchmarking other processes. The triangular matrix on the right is 

simply the mirror image of Figure 3.3. One additional room on the right hand side 

is for external measurement targets. These targets define the external behavior 

which is expected of the process. These targets will be set based on benchrnarking, 

historical performance, and business necessity. 

The internal attributes and their measures are documented by the 

column entries of the process measurement matrix. Above the "management 

structures" matrix, where one would normally expect to find an engineering 

requirements room in a traditional QFD, there is a room for "basic measurements of 

operations management, subprocesses, and lateral processes." These are the 

generic categories of internal process attributes, Figure 3.4. For the product 

development process, and many of its subprocesses, "operations management 

measures" quantify the process time, process expense, product functionality, and 

product cost. Most "operations management measurements" will fall under one of 

these four categories. Because subprocesses sequester much of the process 
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implementation details, it is important that all subprocesses be identified as internal 

process attributes. While not internal to the process, some lateral processes will 

have a significant impact on overall process performance. It is important that these 

lateral relationships are addressed internally. 

Lateral 
Process 
Relationships
to Operations 
M a nag em e n t 
M e a sure m en 

Subprocess \ ,I Relationships
Relationships \ / Between 
to  

Management and 
easurem ents Lateral 

ProcessexM 
eralSubprocess ProcessManagement Relationships RelationshipsMeasurementsOperations\ 

t i 0 n s 
Management Subprocesses Lateral Process 
Measurements 

Figure 3.4. Internal measurement rooms of the process measurement matrix. 



124 

In the "attic" above the basic internal measures room is the "complex 

internal measurements" room which identifies relationships between basic internal 

measures and attributes, Figure 3.4. The "complex operations management 

measurements" cell consist primarily of the six tradeoffs between the four most 

common "operations management measurements": process time, process expense, 

product functionality, and product cost.'8 The "subprocess relationships" cell 

identifies dependencies between the subprocesses.'9 Identifying process 

relationships is important to develop an efficient process. The "lateral process 

relationships" cell identifies dependencies between the lateral processes. These 

dependencies may form significant constraints on the overall process performance. 

The "relationships between subprocesses and lateral processes" cell identifies 

process dependencies between subprocesses and lateral processes. These 

dependencies may either constrain the subprocess or identify information transfers 

to the lateral process. The "subprocess relationships to operations management 

measurements" cell, identifies and quantifies the subprocess responsibility for the 

internal operations management targets. Likewise, the "lateral process relationships 

to operations measurements" cell identifies and quantifies the mutual effects which 

lateral processes have on operations. 

18 For an excellent discussion of the four primary operations measures of product 
development and the six resulting tradeoffs see (Smith et al., 91) 

For a mathematical approach to documenting and organizing process 
dependencies see (Eppinger et al., 90). 
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The management structures matrix contains the measurements which 

relate internal and external attributes and the accounting and control structures 

which are used to track internal measurements based on the required external 

process measurements. Because the "management structures" matrix relates 

internal and external measurements, it is composed of cells which relate the rows of 

the "process measurement matrix," which document external measurements, to the 

columns, which document internal measurements. The relationship between the 

"basic measurements of resources, requirements, deliverables, and product" room; 

the "basic measurements of operations management, subprocesses, and lateral 

processes" room; and the "management structures" room are shown in Figure 3.5. 

Again, the reader can refer to Figure 2.4, reproduced here for convenience, to 

determine the origin of the cell names in the "management structures" room. 

Finally, below the management structures matrix is the "internal targets" 

room. The internal targets room documents the internal measurement targets 

which, if met, will insure that the process achieves its external targets. These 

internal targets provide the direction and motivation which will align daily 

operations with the goals of the process' customer and ultimately with the goals of 

the enterprise. External process targets and goals are not enough to achieve process 

control. Internal targets and goals must be developed which are relevant to daily 

operations. 
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Product Effectiveness Evaluation Evaluation\'Iea1Iets Measurements 

Figure 3.5. "Management structures" room; "basic measurements of resources, 
requirements, deliverables, and product" room; and "basic measurements of 
operations management, subprocesses, and lateral processes" room. 

The relationship between the process measurement methodology and the 

process measurement matrix will now be considered. Step one of the methodology 

defmed the highest level customer for the product development process as the 

enterprise level. Therefore, for the product development process as a whole, the 

"process customers" room, Figure 3.2, is occupied by the enterprise level process 
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which releases resources for product development. Step two in the process 

measurement methodology defined the processes which are generic across most 

product development projects. This step terminates with a description of process 

function and purpose. Step three of the process measurement methodology defined 

the flow of resources, requirements, and deliverables for a given process. The 

process' customer or customer's were identified in step three based on the flow of 

resources. The process' customers are listed in the "Process Customers" room, 

Figure 3.2. 

In section 3.4.1 the process behavior necessary to satisfy the process' 

customer is described based on the flow of resources, requirements, and 

deliverables developed in section 3.3. It is important that this description capture 

all aspects of process behavior which are important to the process' customer 

without specific consideration to measurement. 

In section 3.4.2 the attributes of the process' behavior are identified and 

quantified. The process customer's requirements may be stated as complex or basic 

attributes and measurements. Recall that behavior is the relationship between 

process inputs and outputs. Therefore, many of these requirements will be complex 

measures of resources, deliverables, and the end product. If requirements are stated 

as complex measurements, for example an hourly rate, then this complex 

measurement must be broken down into its basic constituents, in this case a time 

requirement and a budget requirement. Often, however, a customer will specify 
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requirements as basic measurements. In this case any appropriate complex 

measurements which relate these measurements should be formed to fully 

appreciate the relationship between the process attributes. These measurements 

become the basic and complex measures of resources, requirements, deliverables, 

and product. In practice, one must iterate between identifying behavior and 

defining this behavior with basic measures of external process attributes. 

In section 3.4.3 competitive processes are identified for benchmarking. 

These processes are identified in the "process benchmarks" room. Each of the 

basic and complex measurements of external behavior are then applied to the 

benchmarks. The measurements which are generated fill the basic and complex 

measurement benchmarking rooms. 

In section 3.4.4 targets are developed for the basic external measurements of 

the process. These targets are recorded in the "external targets" room. These 

targets are developed based on benchmarking and the process customer's 

requirements. These measures define the competitive strategy of the process. This 

completes the definition and measurement of external process behavior. 

3.4.1 Defme the behavior expectedldesired by the process' customer 

The first step in satisfying the customer is to determine what behavior the 

customer expects and desires from the process. Most everyone in design has heard 
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of the "VOC." Satisfying the VOC has been a mantra of design for more than a 

decade. Satisfying the end product customer is certainly an important part of 

process management, but the end product customer is not the customer of the 

process. Satisfying the end customer is an important means to an end of satisfying 

the process customer. 

In order to satisfy the process customer, the "voice of the process customer" 

must be captured. The behavior which the process customer expects of the process 

must be identified. The process manager must continuously evaluate the process 

customer's goals and aims, so as to improve the process behavior from the 

customer's perspective. Most importantly, there must always be a consensus 

between the process and its customer as to the required process behavior and any 

improvements thereof This consensus requires that well defined measurements of 

process behavior be developed. 

In practice, the customer may present requirements which specify 

measurement values for basic resource, requirement, deliverable, or end product 

attributes without any direct consideration to the behavioral relationships which 

these requirements specify. Often this course of action is acceptable; some level of 

performance must be met and any additional performance is superfluous. However, 

the process may be able to better serve its customer if both the process and the 

customer consider how to define the process behavior which is important to the 

customer. While behavior can be checked with a go no go type measurement, more 
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productive behaviors may be possible if the relationship between process inputs and 

outputs are carefully considered by both the process and its customer. 

3.4.2 Identify the attributes of this behavior 

Once the process behavior is understood by both the process manager and 

the process customer, the key attributes of this behavior must be identified. These 

key attributes should be defined from the customer's perspective and recorded in 

the "basic measurements of resources, requirements, deliverables, and product" 

room. As described in chapter two, process attributes can be categorized as either 

resources, requirements, deliverables, or the end product. Each category should be 

considered to insure that the process' behavior is adequately defined. 

All resources which will be consumed by a process and especially those 

resources which are critical for the process to produce the required behavior, should 

be listed, measured, and tracked throughout the project. Availability of 

information, expertise, equipment, facilities, etc., are often key factors in the 

success or failure of a project20. These resources are often overlooked even though 

they are required, because they are only of indirect importance to the customer. The 

customer may not supply or even be aware of these resources. The resources which 

20 For an entertaining and insightful look at resource management from a design 
perspective see (Goldratt, 97) and from a manufacturing perspective see (Goldratt, 
86). 



131 

are more likely to be measured are the ones that the process customer supplies 

directly and considers to be important. These are primarily time and money, but 

may also include people, materials, information, etc. All resource attributes should 

be listed in the "basic measurement of resources, requirements, deliverables, and 

product" room as a subgroup, Figure 3.3. 

Measurements of these resource attributes should also be listed. However, 

these measurements should be limited primarily to those measurements which are 

important to define the process externally. Many measurements of external 

attributes only have importance within the process and should therefore be included 

in the "management structures" matrix. However any resource which must be 

acquired by the process, should be listed in the "basic measurements of resources, 

requirements, deliverables, and product" room. 

In addition to measuring the overhead and efficiency of a process, resource 

measurements have also proven useful as predictors of future performance. For 

example, measuring the profile of actual versus planned project man-hours has 

proven to be a useful predictor of future time and money overruns as well as quality 

problems (STEP, 96). 

When developing the external attributes and measurements of a process, 

care should be taken to identify requirements from all sources. Requirements 

tracking is a particularly difficult problem for the product development process. 

For complicated products, no one member of the product development team may 
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understand all of the requirements on the end product. As a result, many different 

functional groups are needed to satisfy the requirements. However, the 

responsibility for satisfying a single requirement is often shared by several 

functional groups as well as several organizational levels. Therefore, many 

requirements must be reformulated at each subprocess and functional level. The 

difficulty in correctly translating and addressing all of the requirements for both the 

product and process, leaves much room for requirements to slip though the cracks. 

Requirements are often forgoften, not because of the difficulty in 

communicating them to the project team but because they were never identified and 

documented at the start of the project. The importance of documenting all 

requirements is deceptive. Many requirements will appear to be trivial or obvious. 

However, the most obvious requirements are often critical to customer satisfaction 

and not nearly so obvious to the functional expert who will contribute to the project 

long after the product specifications have been developed. Also, a requirement 

which appears obvious to team members today may be forgotten in six months or a 

year when the time has come to address it. 

While wriften from a customer perspective, and in the vernacular of the 

process customer, process requirements should be measurable in some way that can 

be clearly understood by both the process customer and the process management. 

Note that these process measurements may not always be on absolute, ratio, or 

interval scales. Often these measurements will use nominal or ordinal scales, for 
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example the position title of a team member or a customer satisfaction ranking. 

While the mathematics of nominal and ordinal scales are limited, the attributes 

which require these measurement scales are often critical and should not be 

overlooked simply because they can not yet be measured in a more mathematical 

way. 

Once the requirements on a given process are identified, it may be useful to 

weigh the importance of each requirement and if the requirements have multiple 

sources, it may be useful to identify the source. The requirements which are of 

direct interest to the process customer should receive the highest weighting because 

ultimately the process will be judged based on how well it satisfies the process 

customer's requirements. Care should be paid to identify all of the process' 

customer requirements including the implicit ones and the customer should be 

consulted so that a consensus on requirements is maintained. 

The deliverable is the most important attribute of process behavior. The 

reason a process has a customer, and therefore exists, is because the customer 

expects to receive a deliverable. Therefore, considerable attention should be given 

to understanding exactly what the customer needs and wants as a deliverable. In 

particular, the process should identify not only whether the deliverable meets the 

stated requirements but whether it is in the format which is most easily interpreted 

and utilized by the customer. It is therefore important that the process and its 

customer reach a consensus as to what will be contained in the deliverable. To 
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develop this consensus it may be useful for the process to present previous or 

representative work which the process customer can evaluate and use in preparation 

for the deliverable. 

Deliverables are more problematic when they are not received by the 

process customer, directly. In the product development process, this is often the 

case. Many product development processes have subprocesses which have a lateral 

relationship. For example a marketing process may develop the product 

specifications as a deliverable which is passed directly to engineering design, which 

accepts the specifications as a requirement. Likewise engineering design may 

develop machine drawings as a deliverable, which are accepted by production 

planning as a requirement, etc. The difficulty with these lateral relations is that the 

process owes its primary allegiance to the process' customer. If there is a 

discrepancy between what the process' customer wants and what the lateral process 

wants, the customer wins by default. 

For example, a product development process may have an executive level 

process which oversees and manages the processes of marketing, engineering, and 

production. If the executive level process demands that the development time be 

reduced, then marketing may pass on an incomplete product specification. 

Engineering may see this and even complain but engineering is not the process 

customer for marketing. The executive level process is the customer but may not 

be in a position to judge the quality of the deliverable. Besides, engineering does 
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not like to be told what to design anyway, so engineering makes up what it needs, 

and under time pressure hands off drawings for a product which is difficult to 

manufacture. Again, production may complain to engineering and to the executive 

level process. The problem is that engineering has run out of time which in this 

case is supplied by the executive level process, but the executive level process is in 

no position to judge the deliverable. Just as with marketing, it is not in 

engineering's best interest to say that the deliverable is inadequate and should be 

better. Most likely the engineering process was given an ultimatum by the 

executive level process to finish by a given date or else. From engineering's 

perspective the deliverable is very good given the time constraints, and the process 

customer is not in a position to make an independent evaluation. So production 

ends up with a poor design of the wrong product. Production is also under time 

pressure from the executive level process to start producing marketable quantities 

of the product so production makes changes to the design which affect functionality 

in the name of produciblity. The new design can be produced and from the 

perspective of production it has a very high quality. Each product which reaches 

the shipping dock is indistinguishable for any other. Unfortunately, from the end 

customer's perspective they are all equally bad. Sales cannot sell the product. 

Sales is also under great pressure to move the product so sales identifies the 

problem; the product malfunctions. Engineering and production both blame each 

other with good reason but in the end it does not matter because even after the 
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product is redesigned it still does not sell, because it was the wrong product to 

begin with. 

The generic response to this problem has been to create control gates. 

Whenever the process customer is not the deliverable recipient, the deliverable is 

reviewed by all concerned parties to ensure that the deliverable is acceptable. 

While this makes the problem more visible, it does not eliminate the root cause; 

that the process' customer does not evaluate and accept the deliverable directly. 

Additionally it leads to product development processes with more and more gates 

until there is a process gate at every handoff. 

Regardless of these accountability problems created by poor process design, 

a given process must strive to measure the attributes of its deliverable which will 

ultimately contribute to the process customer's satisfaction. The process 

management should strive to develop measurements which will convey the quality 

of the deliverable to the process' customer. 

So far little has been said about the end product or the end product 

customer. When most people talk about satisfying the customer, they are referring 

to the end product customer. The problem with telling a process, which is buried 

deep within the product development process, to "satisfy the end customer," is that 

the end customer is too far removed from the operational details of the process. 

The end customer is primarily concerned with the product's behavior, not with the 

implementation details of a subprocess. So that leaves the process manager trying 
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to make the process better, faster, and cheaper without a clear definition of what 

this means. However, every subprocess, no mater how detailed, affects the end 

product. If a product development subprocess does not affect the product, then it 

adds no value to the product development process. 

Every process must therefore identify how it affects the end product. If the 

process produces an inadequate deliverable, fails to produce a deliverable, or more 

likely if the deliverable is not incorporated into the design by later processes, what 

attributes of the end product will be affected? Processes must identify which 

product attributes are affected to evaluate whether or how they affect the end 

product. The influence which a process has on the end product is the ultimate 

measure of the process' effectiveness. All processes in the product development 

process ultimately have a stake in the end product. It is therefore important that 

each process vigilantly monitors a project to insure that its deliverable is translated 

correctly from process to process and ultimately has the anticipated effect on the 

end product. 

It is also important that the responsibilities for end product attributes be 

documented so that when design changes must be made, all relevant processes can 

be identified and organized quickly. With complicated products, the risk of 

introducing new faults into a product during a design change is significant. The 

best safeguard against introducing new faults is to have all relevant processes 
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review and contribute to the change. This is only possible if the end product 

attributes for which the process has responsibility have been clearly identified. 

Now that the basic external attributes and their measurements have been 

identified for the process, the relevant complex measurements can be developed 

using the triangular matrix of Figure 3.3. For simple processes complex 

measurements may be unnecessary but for complicated processes, complex 

measurements often provide the scale or context necessary to develop meaningful 

process metrics, as described in chapter two. Complex measurements may be 

particularly useful when developing metrics using other processes as benchmarks. 

3.4.3 Benchmark to establish order qualifying targets for each attribute 

Once the external attributes of a process are defined and adequately 

measured, targets must be developed for each measurement to identify the required 

process performance. This is generally accomplished through benchmarking 

(Uliman, 97). Other processes should be identified which are in competition with, 

are similar to, or have the potential to replace the process. The same external 

measurements should be applied to these processes to determine the current state of 

the industry. Additionally, the process customer should be polled to determine 

what performance is expected, as previously described. The highest benchmark 

value is generally the performance which must be attained to qualify for 



139 

consideration by a potential process' customer. These order qualifjing targets 

become the standard which must be met for each process attribute. 

If good process benchmarks do not exist, the process may need to develop 

an ideal process model in order to determine reasonable targets. This is similar to 

traditional project estimation except that no buffers or safety factors should be 

included. Also the process should be modeled not as it is but as how it should be. 

Developing ideal models for process execution may also be the best means to 

develop future targets for external attributes if a process is currently the best in the 

industry. 

3.4.4	 Develop a competitive strategy to provide some attribute measures at order 
winning levels 

Meeting the competition is never enough to insure success. To be 

competitive an enterprise must provide a product which in some way distinguishes 

itself from its competition (Miltenburg, 95). Some external product attributes must 

be provided at levels which insure that customers will be attracted, and that the 

competition can not easily follow. To be successful, the competitive strategy must 

exploit the business advantages which the enterprise has with respect to its 

competition (Goidraft, 94). In most organizations it is the executive level which 

determines how the enterprise will compete, because this is the level which 

understands the business advantages and disadvantages of the enterprise. For this 
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competitive strategy to achieve its potential, it must be supported by all levels of the 

organization. If, for example, an enterprise determines it will compete on price, 

this does not mean that every process must have cost as its primary goal. 

Investment may be needed to reap long term cost benefit. For example, large 

capital investments in injection molding equipment and computer aided modeling 

may be necessary to reduce the product cost. The product cost must be minimized, 

not the individual product development process costs. 

Just as an enterprise must provide some external attributes at order winning 

levels to attract end product customers, so too must each product development 

process. A process must align its competitive strategy to support the strategy of the 

process' customer. As an example, if product cost is critical, then development 

cost and time may need to be increased to reach order winning targets. As another 

example, if time to market is critical, then product performance requirements may 

need to be compromised to attain the required release date. In any case, the process 

needs to support the competitive strategy of its customer with order winning 

measurement values that cannot be found elsewhere in the industry. 

The competitive strategy for a given process may be relatively stable or it 

may change from project to project. A process manager must determine how stable 

the customer's process strategy is and develop one or more strategies which will 

support all anticipated states of the customer. 
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Once the external attributes which compose a process' behavior are defined 

and adequately measured, the internal measurements and management structures 

must be developed which will assure that the desired process behavior is achieved. 

Ultimately an operational strategy must be developed with clear internal targets. 

3.5 Step 5: Deploy competitive strategy internally 

Once targets for the external attributes of the process have been established, 

management structures and internal measurements must be developed which will 

provide the means to attain these goals. Setting high goals and then failing to 

manage the process to meet these goals is a common problem of process 

management. The best way to insure that an external target will be met, is to 

develop the internal management structures and internal measurements which will 

adequately predict the external measurements, so that if the process is off target, 

sufficient time remains to compensate and the process behavior is not affected. 

QFD (Quality Function Deployment) is a tool which is commonly used to 

develop engineering requirements. The strength of QFD is that by systematically 

examining the relationship between customer requirements and engineering 

requirements, the engineering requirements which are developed result in a high 

correlation (alignment) between product performance, as measured by the 

engineering requirements, and customer satisfaction, as captured by the VOC. QFD 
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is an alignment tool between external measurements of product behavior and 

internal measurements of execution. 

For process measurement, the process measurement matrix presented in this 

dissertation can be used to develop external measures which characterize process 

behavior. The purpose of developing internal measures and management structures 

is to assure that at any point in the process, the required external measurement 

values will be attained. 

3.5.1	 Identif\j the internal management structures and their relationship to external 
process attributes for each process 

Processes need management structures which track process progress and 

collect the data for the external measurements of process behavior. Each external 

process measurement must be addressed by at least one management structure. 

These management structures will collect data for many of the external 

measurements as well as provide predictions of the external measurements based on 

current process operation. The management structures are the primary tools for 

management of process operations. 

Most management structures are accounting systems. They track time, 

money, or other resources to determine where and when they are used. Accounting 

systems should also be developed to track requirements. This is usually referred to 

as requirements tracking but it is just a matter of accounting for where and when 
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each requirement is addressed. Management structures are also required to measure 

the deliverable. In a manufacturing environment this is generally referred to as 

quality control. In a stable, predictable process environment, quality control may 

not add value to the deliverable because the process should "get it right" and there 

should be no need to check the deliverable. In design, however, processes are not, 

and probably never will be stable and predictable enough to eliminate deliverable 

measurements. Management structures should exist to ensure that the deliverable 

which is produced is, in fact, what was intended. Finally, because each subprocess 

within the product development process has a stake in the final product 

performance, a management structure should exist which tracks how each 

deliverable is applied to the end product. This management structure should be 

able to raise a flag for the product development process as a whole if it believes that 

a deliverable has been ignored, under utilized, or misinterpreted. For example, 

representatives from marketing, the product specification process, and product 

customers, may inspect proof of concept prototypes during the detailed design 

process, to insure that the product concept has been translated faithfully from each 

perspective into engineering terms. If a process deliverable does turn out to be 

useless or difficult to utilize, this is important information which should be used to 

improve the deliverable, so that the desired effect on the end product is achieved. 

The overhead of each management structure should be minimized and 

justified. Not eveiy measurement which can be made should be made. The benefit 
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of each management structure must outweigh the cost. However, the recent advent 

of product data management systems for product design may drastically reduce the 

overhead associated with both the creation of management structures and data 

collection. 

3.5.2	 Develop measurements of internal attributes which predict and support the 
external measurements 

Each management structure will require measurement data. This is the who, 

what, where, when, how, and how much of project operations. Many of these 

measurements will be relatively obvious from the management structures. 

However, defining this raw data can be deceptively difficult. This is where all of 

the details of measurement must be defined. What exactly will be the definition of 

a man-hour, a project day, a design fault, an engineering change, a drawing, a part, 

etc.? Each of these questions seems simple until one is faced with putting to paper 

a definition which will be truly descriptive of the processes operation. If internal 

measurements are not clearly defined, then their meaning becomes subjective. 

However, subjective measurements may still be better than guessing. 

QFD is a useful tool for developing internal measurements because at a 

glance, one can see which external measurements are addressed by which internal 

measurements. Internal measurements must be developed which adequately predict 

the values of each external measurement. No additional internal measurements are 



145 

needed or desirable. It is counterproductive to measure internal process attributes 

which have no correlation with important external attributes. 

3.5.3 Benchmark current processes based on internal measurements 

Again, this is standard QFD procedure. The internal measurement values 

for each benchmark can be developed. Because product design is a dynamic 

process, many of the internal measurements must be compared as profiles of the 

measurement values with respect to time or effort. For example, project man hours 

may be plotted, versus project time, to develop an effort profile. Effort profiles 

which peak within the first third of project time and tail off over the next two 

thirds, are generally considered to be superior. Each process should determine what 

project effort profile is most efficient for its process based on correlating these 

curves with external measurements of process performance: process resource 

consumption, requirements compliance, deliverable quality, and end product 

performance. When possible, correlations should be established between internal 

and external measurements for the benchmarked processes, so as to verify the 

internal measurements. 
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3.5.4	 Develop predictions of external attribute values based on current internal 
measurement values 

Once the correlation between internal and external measurements is 

established, the relationship should be developed so that the external measurement 

value can be predicted based on the internal measurement at any point in the 

process. Of course, the earlier in the process a prediction is made, the greater the 

uncertainty. Therefore, the uncertainty of the prediction should also be included 

whenever possible. 

The uncertainty of a prediction may be difficult to justify. In most cases it 

can be estimated base on the percentage of process resources which have been 

consumed and or the percentage of the deliverable which is completed. However, 

until a process has sufficient historical data, the uncertainty of a prediction may 

remain somewhat subjective. 

The purpose of predicting external measurements is to insure that the 

process behavior can be maintained. Therefore, the frequency and uncertainty of 

the predictions depend on the process customer's requirements for process 

behavior. A process needs to be able to predict its behavior to the extent necessary 

to assure predictable behavior to the customer. It is only natural that the majority of 

effort be placed on predicting those external measurements which have been 

identified as critical by the process' customer. 
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A process which successfully predicts its external behavior and uses these 

predictions to change process implementation so as to maintain or improve the 

required process behavior, is equivalent to an SEI (Software Engineering Institute) 

CMIvI (Capability Maturity Model) level 5 process. This is the most advanced 

process to be theorized. 

3.5.5 Develop targets for internal measures 

Without internal measurement targets, processes can only hope to meet their 

external behavioral goals. Once the relationship between an internal measurement 

and one or more external measurements is developed, a target value or profile 

should be developed for the internal measurement. This target is useful to track 

process performance. It works as a control limit. As soon as it becomes apparent 

that the internal targets cannot be attained, the process can anticipate that it will not 

meet its external targets. Hopefully, sufficient time will remain to successfully 

mitigate against the problem and maintain the required external behavior. 

The actual targets will be based on the benchrnarked values or derived by 

calculating the internal measurement value necessary to attain a required external 

measurement value. 
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3.6 Step 6: Provide customer with visibility into behavior 

Now that process behavior is quantified by external measures and predicted 

with internal measures of process execution, the customer can be supplied with 

predictions that provide continuous visibility into process behavior. The process' 

customer should not be concerned with the process implementation, only with the 

process behavior. In practice, customers often must look at process implementation 

to predict behavior but this is the direct result of not being given adequate visibility 

into the process' behavior. The process manager should be able to do a better job 

of this prediction than the process' customer. This can eliminate 

misunderstandings and reduce workload for everyone. The customer should not be 

confused with the problems of internal process implementation. Instead, the 

customer should be informed of the anticipated external process behavior, and 

remember it is the customer who decides what is external. The higher the 

uncertainty of a process, the more important this information is to the process' 

customer, the more often the customer should be informed. The customer should 

be informed any time it is anticipated that the process behavior will change. 

3.6.1 Continuous visibility into resource usage 

The process' customer should not have to wait until the agreed resources are 

consumed to determine that more are required. In the real world this is a point of 
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much gamesmanship, but in an ever more competitive business environment, this 

produces waste which is not acceptable. If the supplied resources will not be 

adequate to produce the required deliverable, this information should be made 

available to the process' customer at the earliest point so that the process' external 

behavior can be renegotiated for the greatest benefit of both the customer and the 

process. 

Mitigating against implementation problems without informing the process' 

customer is perfectly acceptable when the process' behavior can be assured, but 

failing to notify a customer when it becomes apparent that process behavior cannot 

be maintained, is equivalent to attempting to conceal the behavioral shortcoming. 

This is not a good long term strategy. It results in mistrust and waste for both 

process and customer. 

3.6.2 Continuous visibility into difficulties meeting requirements 

The process should keep the customer informed of any requirements which 

may present a problem and include contingency plans when they affect the process' 

external behavior. Again, this is often a point of much gamesmanship, but it 

represents an area of significant future improvement. 

Just as with resources, mitigating against a requirements problem without 

informing the customer is perfectly acceptable as long as the process behavior will 
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not be affected. If this mitigation will require more resources, compromise the end 

products behavior, or in any other way affect important attributes of the process' 

behavior, then the process' customer should be informed. 

When possible, the process' customer needs to know the probability that a 

given requirement will be met. For most requirements of most processes, these 

probabilities of success are high, above ninety percent. Both the process and the 

process' customer are almost completely certain that the requirement will be 

satisfied. However, even at the start of a process, the likelihood of satisfying some 

requirements may be less than certain. During process execution, unanticipated 

events may lower the probability of satisfying a requirement or process work may 

increase confidence that a requirement will be satisfied. The process' customer 

should know and agree to the probabilities of satisfying a requirement at the start of 

a process. These measurements should be provided to the process' customer 

whenever the measurement values change. Generally, the sooner a requirement is 

identified as a process behavioral problem, and the more openly the problem is 

handled, the more likely the problem can be resolved to everyone's satisfaction. 

Low probabilities of satisfying a requirement represent risk. The risk to the 

process is the risk of disappointing the process' customer. This creates a motive to 

conceal problems when requirements cannot be satisfied. Sometimes a process 

manager may feel that she/he will be treated unfairly for being truthful and open 

when disclosing the process' ability to satisfy a requirement. This pressure is 
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especially high when multiple processes are competing for the same project work. 

The process which conceals problems may appear to be the best, albeit due only to 

lower ethics or lower competence. However, in the long run the process which 

accurately forecasts the risks associated with requirements will disappoint its 

customer the least and be much easier to work with. Predictable performance may 

be even more important to the process' customer than absolute performance. The 

business world needs stable predictable processes, especially in product design. 

Customers of processes need to be sophisticated in their analysis of process 

performance. In order to encourage processes to be predictable, customers must be 

careful to consider whether a process is providing visibility into its behavior or 

simply making the promises which are necessary to woo them. One of the best 

ways to determine this is by the quality of the measurement which a process offers 

as visibility into its process behavior. These measures should quantify the process' 

important behavioral attributes. The process should provide the customer with a 

mechanism to communicate requirements problems. Whether this mechanism 

includes process confidence in meeting requirements, projected attribute values 

which address requirements, or prototypes which the customer can measure directly 

for requirements compliance, there should be no excuse for a complete surprise 

when the process is completed. For the most part, empty promises made by a 

process will be neither specific in their definition, nor provide confidence that 

surprises cannot occur. Promises are generally vague and filled with caveats unless 
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authored by the customer in which case they provide no peace of mind that the 

process even understands them, much less will satisfy them. 

The risk to the process' customer depends on the ramifications of the 

requirement. A key requirement could doom the project while a minor requirement 

may have only a small effect on product performance. It is the process management 

which is in the best position to estimate the probability of satisfying a requirement 

and the customer who is in the best position to use this information to determine 

risk. It may be far more important for the process' customer to know which 

requirements can and can not be met, early in a project, than the total number of 

requirements which are or are not met. Predictability reduces risk; reduced risk 

usually provides a better chance for success. 

When technical difficulties arise during product development, they affect 

product requirements by definition. If a technical difficulty does not affect any 

product requirement, the designers have likely fallen into the mind-set of design 

what is difficult rather than designing what will satisfy the customer (Clausing, 94). 

Product design is not the appropriate forum for proof oftechnology projects unless 

a new technology best satisfies a customer requirement. 

Again, mitigating against technical difficulties by changing technologies, 

changing suppliers, launching a crash research and development project, etc., may 

all be perfectly acceptable without involving the process' customer, as long as the 

external process behavioral attributes: resources necessary, requirements met, 
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deliverable received, and product produced, will not be affected. The process' 

customer needs to know whether they can expect that requirements will be satisfied 

or whether they need to make contingency plans. 

When the likelihood of meeting a process requirement becomes low, and 

therefore when process behavioral attributes will be affected by technical problems, 

it is important that both the process and the process' customer agree to the 

importance of a requirement and what is to be done if it cannot be met. Strategies 

which compensate for the compromised requirements should be developed. If such 

strategies cannot be developed, then the customer must evaluate the risk of not 

meeting a requirement to determine if the process should be stopped and the project 

terminated. 

The sooner a decision to stop a process or project is made, the less waste is 

incurred. While stopping a project can have a negative effect on morale, the longer 

the decision is delayed, the worst this effect will be. In the long run morale will be 

better and business will be more efficient if a greater percentage of process effort is 

spent on winning projects versus mediocre or failing projects. 

Most difficulties meeting the process' customer requirements can be 

overcome given enough resources. Therefore, difficulties meeting technical 

requirements are often seen as resource problems. However, a resource problem 

does not occur unless the external process behavior is affected. In this case, more 

resources than originally estimated are required to adequately satisfy the process' 
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customer requirements as a result of unanticipated technical difficulties, 

misunderstood requirements, or additional process customer requirements. In each 

of these cases, both the process and the process' customer should try to understand 

why the problem has occurred to prevent future problems. 

Resource shortages occur for a variety of reasons but most often as a result 

of inadequate planning All resource shortfalls are critical because by definition 

they mean that some external process behavioral attribute will be affected. If an 

external process attribute will not be affected, then the resource problem should be 

reevaluated. Why is the resource needed if it will not affect a deliverable or end 

product attribute? 

Once the resource constrained requirement is well understood, it is a mater 

of economics to determine the best course of action. There are three basic paths. 

The process can mitigate against the problem as best it can, given the originally 

allocated resources. Usually this is the case where cash flow limits project 

spending or when market timing is critical. The process' customer can provide 

more resources so that the requirement can be satisfied. This is the case where if 

the required product performance can be attained, then the product is expected to 

have good market demand and good profit margin. The final path is to cancel the 

project. In this case, the project is no longer seen as viable. Either the market 

demand or the profit margin will be unacceptable given a revised project. The 

market will not exist with the compromised requirement and the required ROI will 
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not exist with the increased project resources. The ROT is often adversely affected 

by missing the market window because additional process time is required. 

3.6.3 Examples of expected deliverables and relevant statistics to describe them 

The process' customer should have a clear understanding of the deliverable 

that will be received so that the customer can be prepared to use it. An important 

but often forgotten aspect of process visibility is providing enough information 

about the deliverable so that the process' customer can be ready to exploit it. If the 

process' customer is not accustomed to working with the process, it may be useful 

to provide predictions of measurements which describe these deliverables. For 

example a prediction of the number of drawings or a predicted part count may be 

useful for the process' customer to plan future project work. Deliverables from 

previous projects may also be useful for the process' customer to understand what 

will be received as a deliverable. For example, a detailed design process may 

produce a three dimensional solid computer model of the parts, but if the customer 

process cannot directly use the deliverable in this form, then either the customer 

must prepare and be ready to receive the deliverable, or the process and the process' 

customer must negotiate a deliverable format which is acceptable. Training or 

instructional materials may be supplied in advance of the deliverable so the 

customer can prepare. 
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3.6.4 A resume of previous products and the process contribution 

If the customer is not familiar with the process, a resume of previous 

process work may be useful to help the process' customer understand the process 

behavior. If possible, all behavioral attributes of process performance should be 

included, not just deliverables, so that the process' customer can understand the 

relationship between process inputs and outputs. Maybe the process turned out 

impressive deliverables in the past when the customer had well written 

requirements and provided generous resources, but a new customer which shows up 

with some rough ideas on a napkin andlor a skimpy budget should understand how 

his or her inputs compare with past projects to understand how the deliverables will 

be affected. This may provide the impetus necessary to get the customer to 

improve the process input or it may discourage an inevitable failure. Either way 

both the process and the customer are better off. 

3.7 Step 7: Develop a process measurement policy 

As organizations become more complex, formalized controls must be 

instituted to manage the flow of information. This statement has reached its most 

advanced embodiment in the PDM (product data management) systems which 

control access to product data in large organizations. Just as not every organization 

needs a complicated PDM system, not every organization will need a complicated 
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process measurement policy. However, the needs are parallel. An organization 

with formalized process and data control will need to include control of process 

measurement in the system while an organization which is managed by only a few 

individuals may rely solely on memos and personal notes. 

3.7.1 Measurement/metric definition control 

Just as with any process or document control program, process 

measurements should be defined and maintained in such a way that there is little 

chance of using outdated definitions or changing a definition to obtain a more 

favorable value. The document and control processes and process ownership 

procedures of the organization should be applied to any process management effort. 

3.7.2 Reporting requirements 

When and how process measurements are taken and presented has 

everything to do with their utility. The right people need the right information at 

the right time. This will not usually happen by itself. Data collection and reporting 

requirements should be developed to meet the needs of the organization. These 

requirements should also be controlled by the existing document control process. 

Some considerations for when measurements are taken and presented are: 

when can the information be utilized, how much will measurements be corrupted 
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by the passage of time, and how ofien must an attribute be tracked to fully 

characterize its behavior. In general, the best policy is to take measurements as 

close in time as possible to actual events, at a frequency greater than twice the 

period of any changes in measurement trend, and compile and report these results 

as soon as they are available (Harrington, 91), (Patterson, 93). The only negative is 

the overhead and distraction from task which measurements may introduce. 

3.7.3 Confidentiality and access control 

It may not be appropriate for everyone to have access to all measurements. 

Much of a process' implementation should remain internal to the process, so that 

internal measurements are not confused with measures of process behavior. 

Process managers should not feel that others are looking over their shoulder during 

process implementation. Managers should feel confident that their performance 

will only be judged based on external measurements. If managers believe that 

internal measurements can be used against them, there will be resistance to any 

internal measurement and the pressure to fudge internal measurements will be 

great. Judging a process based on internal measurements will also tend to 

discourage innovative process management when an unconventional process 

execution will not generate conventional internal measurements. 
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Processes may also need to guard their internal measurements to protect 

their competitive advantage. This is especially important when deciding what 

measurements to share with outside suppliers or customers. Conveniently, this 

decision is already made when the process bifurcates its process measurements into 

internal or external classes. 

3.7.4 Auditing procedures 

As with any measurement system there is always the possibility of fraud or 

ignorance corrupting the results. While a well developed and well aligned process 

measurement system does not lend itself easily to corruption, there should be 

procedures for airing concerns. Auditing procedures and the conditions which will 

trigger their use should be defined well in advance of a problem to prevent either 

the impression that they are unfair, or the abuse of process measurement for 

personal gain (Harrington, 91). 

Process measurement auditing will need to integrate with existing auditing 

procedures. Almost every organization will have existing auditing procedures for 

monetary expenditures and inventory capital. For some mature design processes, 

auditing procedures may also exist for tracking requirements. Any new auditing 

procedures should use or replace the existing procedures unless this is not practical 

for regulatory or organizational reasons. 
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3.7.5 PDM automation 

PDM systems have a great potential to reduce the overhead and increase the 

accuracy of process measurement. Ideally, once the measurements are defined, 

collection and compilation of measurement data is automatic. No additional effort 

would be expended other than interpreting the measurements and making the 

appropriate process changes when they are necessary to attain the required process 

behavior. 

The taxonomy of process measurements developed in chapter two provides 

the basis for an object model which can be used to automate process measurement 

execution and control. This model organizes and defines process measurements, so 

that they can be used effectively in a relational database. The process measurement 

taxonomy was successfully used as the foundation for a conceptual object model 

which was developed and implemented on the Metaphase PDM platform (Kumar, 

98). The conceptual object model was developed by Mr. Kumar during an 

internship with the Structural Dynamics Research Corporation team which is 

collocated at Boeing. 
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4. AN ILLUSTRATIVE EXAMPLE OF PROCESS 

MEASUREMENT 

A process measurement example is presented to demonstrate and test the 

process measurement methodology. However, the construction of an example 

presents several difficulties. The problem with constructing an example from 

scratch is that it would tend to conform to the process measurement methodology. 

It would therefore be difficult to construct an example with credibility. The 

difficulty associated with constructing actual engineering design details would also 

be significant, requiring that most of the product development process actually be 

performed for the example problem. If the product has sufficient complexity to 

warrant process measurement, this design work would be difficult to simulate 

convincingly. 

Don Clausing's Xerox paper feeder example, from his book Total Quality 

Development, was chosen for use as a process measurement methodology example 

because it eliminates much of the difficulty and credibility problems associated 

with manufacturing a fictional example from scratch. In this design example Dr. 

Clausing presents a design process and performs much of the actual design work as 

an example of the QFD methodology. Dr. Clausing, his book, his design process, 

and his design example using a paper feeder from a Xerox copier, are all well 

known and respected both in industry and in the field of design process research. 
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Figure 4.1 is a subset of Clausing's "new product development" process 

(Clausing, 94). For the purpose of this example, it is assumed that this is the 

product development process used at Xerox. Four levels of subprocesses are 

shown. However, to limit the scope of this example, only one process was chosen 

at each level to expand for the next subprocess level. For this example the process 

measurement methodology will be applied to each of these four processes: "new 

product development," "design phase," "piece-part design," and "detailed piece-

part design." These processes are illustrated with bold outlines, Figure 4.1. 

The highest level product development process at Xerox is the "new product 

development" process. This process answers directly to the executive level. In 

Don Clausing's "new product development" process, product measurements are 

developed and documented by a series of QFD matrices. These matrices organize 

the flow of design information between "new product development" subprocesses. 

For the purposes of this example, it is assumed that these QFD matrices are used at 

Xerox. Figure 4.2 is a diagram of the information flow between these QFD 

matrices (Clausing, 94). Each oval represents the boundaries of a "new product 

development" subprocess. An oval which is contained within another oval is a 

subprocess. For example, the "piece-part design" process is a subprocess of the 

"design phase" process. The "tolerance design" subprocess of the "piece-part 

design" process overlaps the "detailed piece-part design" process because these 

processes are synergistic and performed concurrently. The "new product 
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Figure 4.1. A subset of Clausing's new product development process. 
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development" subprocesses which will be used to demonstrate the process 

measurement methodology are labeled in bold font. 
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For some product development processes this may be appropriate. 

In section 4.1 a process measurement matrix will be developed for Xerox's 

"new product development" process. Subsections 4.1.1 thru 4.1.6 each document a 

step in the process measurement methodology. The process measurement matrix 

will align the "new product development" process with the goals of the enterprise. 

Areas of process responsibility will be established for each of the four 

subprocesses: "concept phase," "design phase," "production preparation," and 

"produce." 

In section 4.2 a process measurement matrix will be developed for Xerox's 

"design phase." The process measurement matrix will align the "design phase" 

process behavior with the "new product development" process. The process 

measurement matrix will also establish responsibilities and allocate resources for 

the "subsystem design" and the "piece-part design" subprocesses. 

In section 4.3 a process measurement matrix will be developed which aligns 

the "piece-part design" process behavior with the goals of the 'design phase" 

process. The process measurement matrix will also establish responsibilities and 

allocate resources for the "tolerance design," "detailed piece-part design," and 

"progress check" processes. 

In section 4.4 a process measurement matrix will be developed which aligns 

the "detailed piece-part design" process behavior with the "piece-part design" 

process behavior. The "detailed piece-part design" process will be the lowest level 
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process considered for the process measurement methodology. The "detailed piece-

part design" process has seven activities. Process responsibilities will be 

established for each of these seven activities. It is assumed for this example that 

these activities do not involve a formal collaborative process internally. Therefore, 

no aftempt will be made to develop internal measures for any of the "detailed piece-

part design" activities or to identif\j subprocesses. 

4.1 The "new product development" process 

The first Xerox process to be considered by the process measurement 

methodology is the "new product development process." The goals of section 4.1 

are to: 

develop external process measurements which adequately characterize the 

behavior of the "new product development" process 

develop targets for these external process measurements which define the 

behavior required by the customer 

develop internal process measurements which adequately control process 

implementation and predict process behavior 

establish targets for the internal process measurements which will insure 

that the required process behavior is produced 
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supply the process' customer with measurements and predictions which 

provide visibility into the actual process behavior 

These goals will be accomplished by constructing a process measurement matrix. 

4.1.1 Step one; Identify goals of the enterprise, (See section 3.1 for discussion) 

To provide some background for the product development project, which 

will be used as an example, a fictitious business scenario is created. It is assumed 

that Xerox must respond to Cannon's new business copier which is currently 

available and is both functionally superior and cheaper to manufacture than the 

current Xerox product. This new competition from Cannon is a threat to future 

profits, as the current Xerox product has been loosing market share. The Cannon 

copier is a threat to the financial viability of the current Xerox copier in the event of 

price cutting because of its lower production cost. Finally, Cannon is eroding 

Xerox's reputation for offering the best performing product in class. 

Step one is to identify the goals of the enterprise. While the obvious goal of 

Xerox is to make money, the enterprise level needs to provide more guidance. A 

large organization like Xerox has many different development projects and many 

different product lines. The enterprise level must therefore identify a business need 

and market for the product which is integral to the entire Xerox product line. This 

need and market should be included in a business plan for the product development 
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project and translated into economic and market targets which will be used to 

measure the success of the project. 

In this case it will be assumed that to meet the business pressures for ROl, 

the "new product development" process must provide a product which will 

maintain the pre-competition market share and product margin for this class of 

product. A market share of 50% and product margin of $900 are therefore the 

enterprise goals for the "new product development" process. 

4.1.2 Step two; Identif' the process 

In this case the process is "new product development." This name is a good 

start for a description of process purpose and function. However, questions remain. 

Does this process include the fuzzy front end, where new product ideas are 

evaluated, or is it responsible only for developing products whose markets and 

business strategies have been identified? Is this process responsible for getting the 

product into production, onto the loading dock, into distribution centers, onto store 

shelves, or into the hands of the end product customer? These questions need to be 

answered to develop measures which capture process performance. 

In this case it is assumed that at Xerox the fuzzy front end is conducted as a 

separate process from "new product development." The fuzzy front end is 
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responsible for generating a business plan which describes the market opportunity 

and defines external behavior of the product development project. 

Xerox's "new product development" process is responsible for executing 

the new product business plan, or identifying problems in the business plan, 

developing solutions which address these problems, and presenting this information 

promptly to the executive level process. The business plan defines the target 

market, the perceived market needs, and the proposed competitive strategy. In 

addition, the business plan defines resource allocations of time, money, people, 

facilities, and equipment. The business plan will also specify requirements for 

resource usage and product performance which are of key importance to the 

competitive strategy. 

Xerox's "new product development" process is responsible for getting the 

product to the customer, because its performance will be judged by the executive 

level, based on market share and product margin. Because the "new product 

development" process will be judged by the executive level primarily based on 

sales data, the "new product development" process must insure that the product has 

every opportunity to succeed in the marketplace. 

The "new product development" process should expect to be judged based 

on sales measurements because these are the only objective measurements by which 

the executive level at Xerox can reasonably asses a new product's performance. In 

most cases the executive level is not qualified to make a technical assessments of 
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new products other than those furnished internally by "new product development" 

and, in the final analysis, technical performance is only a useful tool for achieving 

end product sales. Technical performance is meaningless at the enterprise level if 

no customers exist or can be created, who appreciate it. 

The "new product development" process at Xerox consists of four 

subprocesses: the "concept phase," the "design phase," the "production preparation 

phase," and the "produce" phase, Figure 4.1. The "concept phase" will develop a 

prototype design which has the potential to meet the expectations of the business 

plan. The "design phase" will develop this concept into a producible and tested 

product. The "production preparation phase" will develop a manufacturing process 

to manufacture the new product in the numbers specified by the business plan. 

Finally the "produce" process will oversee the manufacture of initial production 

examples until design related production problems of either the product or the 

manufacturing process are under control. The project then leaves the direct control 

of the "new product development" process. 

4.1.3	 Step three; Identify the relationships between processes (Who is the 
customer for what?) 

To satisfy the requirements of step three, a fictitious map of the formal 

relations between the processes at Xerox is constructed, Figure 4.8. In this case, the 

process customer for the "new product development" process is the "executive 
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level project approval and evaluation" process, because this is the process which 

supplies the project approval and resources for the "new product development" 

project. 

The requirements for the project are contained in the business plan. The 

fuzzy front end develops the business plan based on the market strategy and 

financial constraints provided by the executive level process, Figure 4.8. The fuzzy 

front end then submits the business plan to the executive level process as a 

deliverable. The executive level process will review the strategic implications of 

the plan and either specif' additional strategies and constraints or approve the 

project and authorize the resources which are specified in the business plan. 

To satisf' the requirements and produce the deliverable, the "new product 

development" process needs resources. An adequate design team must be 

assembled and team members must be available. The team must have access to 

product customers. Facilities must be available for the team to conduct its business, 

prototype, and test new ideas. Production capacity must be available to begin 

manufacturing the product at the completion of the "design phase". Finally, 

sufficient time and money must be available or any effort will have been wasted. 

At Xerox, these resources are allocated to the "new product development" process 

by the "executive level project approval and evaluation" process, Figure 4.8. 

At Xerox, the external process behavior of the "new product development" 

process is specified in the business plan. This information will be formally 
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submitted to the "new product development" process as a copy of the approved 

business plan, Figure 4.8. In addition to the business plan, some of the members of 

the fuzzy front end process will now join the "new product development" process. 

The "new product development" process will only provide a deliverable 

directly to the executive level process if the "new product development" behavior, 

outlined in the business plan, cannot be achieved. In this case, the "new product 

development" process will supply a description of "business plan faults" to the 

executive level process which include a prediction of the actual process behavior 

and options for other behaviors which can realistically be achieved, Figure 4.8. For 

example, with more resources, such as time or money, the performance 

requirements can be achieved, or with compromised performance requirements the 

target release date can be achieved, etc. 

Note that the only deliverable which will result in a positive evaluation of 

the "new product development" process is revenue from the retailers due to end 

product sales. In this case the executive level process has a strategic interest in two 

statistics of this revenue: market share, and product margin. Therefore, it is in the 

interest of "new product development" to monitor the end product all the way to the 

end customer. 

The deliverable of the "new product development" process is the end 

product on the shipping dock, however, the "new product development" process 

must hand off production responsibilities to the manufacturing process. To achieve 
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this hand off, the production process is developed within the control of the "new 

product development" process and the initial production examples are produced 

and tested before approval is given for manufacturing to produce the product in 

quantity, Figure 4.8. The production process is then turned over to manufacturing 

for the production ramp up and subsequent production runs. 

The manufacturing process assumes control of future production 

management. Advertising promotes the new product so that retailers and customers 

are aware of its market winning attributes. Distribution ships the product to the 

retailers. Finally, advertising and the retailers sell the end product to the end 

customer. At Xerox, the "new product development" process must carefully 

monitor the new product's performance in each of these processes, to insure that 

ultimately the "new product development" process achieves the behavior required 

by the executive level process. For example, advertising may not fully appreciate 

the market winning attributes of the new product. Likewise, sales may not 

appreciate the new product, understand what the customer needs, or understand 

how the customer will use the product. Finally, distribution may not anticipate a 

revised production schedule and may not appreciate non standard practices required 

by the new product. Nonetheless, the behavior of the "new product development" 

process, as measured by the executive level process at Xerox, depends on each of 

these independent subprocesses and the "new product development" process must 
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identif' and correct problems in these processes, which will prevent the project 

from achieving its goals. 

Distribution receives the end product as a resource and provides production 

orders to the manufacturing process as a requirement, Figure 4.8. It is therefore 

critical that the production orders for the new product arrive on or before the start 

of production. It is also critical that distribution anticipate product flow to the 

customers and develop adequate plans and capacity to handle a range of product 

demand. 

Because the "new product development" process has no direct authority 

over sales, advertising, and marketing, the "new product development" process can 

only supply product information to sales as a resource which can be used to achieve 

future sales, Figure 4.8. The "new product development" process must monitor the 

activities of sales, usually through one of its members, to insure that sales 

recognizes the potential of the new product, gives it adequate promotion, 

orchestrates a reasonable product release, and collects an adequate number of 

product orders to sustain early production. 

4.1.4	 Step four; Align process behavior with the goals and aims of the process' 
customer 

In step four the process' external behavior must be defined and constrained 

by external measures. The process' external behavior must support the process 



181 

customer's competitive strategy through alignment of external measures with the 

goals of the enterprise. This alignment will be achieved by using the process 

measurement matrix which was developed in chapter three. Figure 3.2, depicting 

the format of this matrix is duplicated here for the readers convenience. Figure 4.9 

is a process measurement matrix for the "new product development" process. In 

Figure 4.9 the external attributes of the "new product development" process are 

listed in the rows of the "basic measurements of resources, requirements, 

deliverables, and product" room. Each of these attributes must be adequately 

tracked with some measurements. Basic measurements of these attributes are listed 

with the attribute, implied, or contained within the "management structures" matrix 

and will be addressed in step five. 

Target measures for these attributes are in the "external targets" room on the 

right hand side of the "management structures" matrix, next to the measurement 

values for the competitors process. Cannon will be used as the fictitious 

competitor. In this case the Xerox process is compared to what is known of the 

Cannon process which developed the superior copier. Notice that if the Xerox 

process resources are compared to the Cannon project, the Xerox project appears 

ambitious. The Xerox process behavior is only possible because the competitive 

strategy for this project will be "me-too-only-better" (Patterson, 93). The original 

content of the project is limited because Cannon's product is available 
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Figure 4.9. Process measurement matrix for Xerox "new product development" process.  
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as a starting point and the required product performance is evolutionary not 

revolutionary. 

The requirements state the specific attribute measurements by which the 

project, and by association the processes, will be judged. For "new product 

development", the customer was identified in step three as the "executive level 

project approval and evaluation" process. The process' customer has defined two 

criteria by which the current project will be judged: market share (50% required) 

and product margin ($900 per unit). Therefore, these criteria become the two most 

important process requirements. The "new product development" process does not 

have direct control over these product sales based measurements, nonetheless, these 

measurements are important to the enterprise level, and therefore to the 

organization as a whole. The "new product development" process must therefore 

address these measurements as best it can. 

Iii this case market share is being lost due to an inferior product. It would 

be nice to determine the best payback on product functionality. Ideally one would 

predict market effects of product performance and features, and balance these 

positive market effects against the negative effects of resource consumption of 

time, money, man-hours, etc. (Smith et al., 91). In this case, however, Xerox is 

going backwards in market share during product development due to inferior 

product performance. In addition, the existing product is vulnerable in the event of 

a price war, thereby eliminating the possibility of underselling the competition to 
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maintain market share. Therefore, the most reasonable course of action is to 

achieve functionality which is just good enough to better the competition, as soon 

as possible. Any additional project time required to improve product perfonnance 

will be too costly in market share. 

The project strategy is constructed on the assumption that any product 

which exceeds the competitor's performance will achieve a market share of 50%. 

Marginally but perceptibly better product performance when compared to the 

competition is therefore the performance target. The project duration is limited to 6 

months because it was determined by marketing that this is the maximum amount 

of time that can pass and still reclaim lost market share with a marginally better 

performing product. The project budget was estimated to require $750k, however, 

up to one million dollars can be made available if necessary. To achieve the second 

goal, a product margin of $900, no strategy is stated in the business plan. However, 

new product design is implicitly expected to reduce the manufacturing cost by 

whatever amount necessary to achieve this target. 

This strategy was developed in the fuzzy front end justified in the project 

business plan, and endorsed by the executive level "project approval and 

evaluation" process. The "new product development" process' behavior must 

support this strategy. Project time and product margin are the most important 

process attributes over which the project manager has direct control, Figure 4.9. 
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To meet the requirements for step four, all resources should be adequately 

identified and measured to insure that the required process behavior will be 

achieved. In this case the most important resource is the design team. Nine team 

members are needed, including a project manager, two mechanical engineers, one 

electrical engineer, one programer, one manufacturing engineer, one marketing 

representative, and two vendor representatives. The requirements for each of these 

team positions should be established to insure that the team is adequate for the task. 

The resource measurements which are included in the "basic measurements 

of resources, requirements, deliverables, and product" room describe the resource 

from the customer's perspective. For example, for each team member position, the 

position title, the number of people which will be required, and the number of man-

hours needed are listed in the "basic measurements of resources, requirements, 

deliverables, and product" room. These measurements describe the human 

resources required from the executive level perspective. Other measurements of 

team members may also be critical, such as availability, and relevant experience. 

These measurements will be made internally and need not be included in the 

external measurements unless they are not met and need to be addressed 

specifically as a new external measurement. For example, in this case the person 

responsible for assembling the team will have a pooi of people to choose from. 

Finding qualified and available team members is not anticipated to be a problem. 

However, if a qualified person cannot be found to fill a team position, then the 
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outstanding position requirements will become external attributes which must be 

brought to the attention of the customer. 

The project team will need office facilities, prototyping facilities, testing 

facilities, and upon completion of the design, production facilities. Each of these 

resources needs to be available, adequately staffed, and of appropriate capabilities. 

No specific measurements, other than the name identif'ing the resource, are 

provided in the "basic measurements of resources, requirements, deliverables, and 

product" room. The executive level is in direct communication with the processes 

which operate these facilities and therefore has determined that reasonable capacity 

exists for the new project. If, however, resource limitation become a "new product 

development" process issue, then measurements which document the limitation will 

be included as external resource measurements. 

The deliverable of the "new product development" process is the copier. 

Therefore, measurements must be developed which adequately describe the product 

to ensure that the end product meets its requirements. Note that at the start of the 

project these measurements may not be known. In this case the executive level 

expects new product development to deliver a copier to the marketplace, but the 

executive level is primarily concerned with market share, margin, and ultimately 

with revenue, not with product measurements. 

Because the deliverable of the "new product development" process is the 

end product, the product responsibility attribute is somewhat redundant with the 
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deliverable attribute for the "new product development" process. However, it is 

important that the attributes of product responsibility be developed for each 

subprocess to insure that the connection between a process and the end product 

remains visible. 

The relationships between the external attributes are depicted by an '" in a 

cell of the "complex measurements of resources, requirements, deliverables, and 

product" room. For example, the project manager's responsibility for achieving the 

project time requirements is indicated by an "h" in the matrix cell which is shared 

by both the project manager and the project time. Note that the project manager is 

responsible for satisfying all requirements on the process. As another example of a 

strong relationship notice that the product margin requirement is strongly related to 

the product cost attribute. At this level of project abstraction, product cost has not 

yet been established, however, product cost is identified as the primary means 

available to attain the product margin requirement. 

When complex relationships can be quantified mathematically a complex 

external measurement is developed. For example, several complex external 

measurements are indicated by lower case letters. Letters "a" and "d" quantify the 

budgeted and planned average project expense respectively. Letters "b" and "e" 

quantify the budget and planned average expense per team member and man-

month. Letters "c" and "f' quantify product margin as a percentage of budgeted 

and planned project expense. Letters "g" through "m" are design team composition 
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measurements. Letters "n", "o", and "p" document the percentage of the planned 

budget which is dedicated to production process development, product testing, and 

prototyping respectively. Letters "r", "s", and "t" document the percentage of the 

budget limit which is dedicated to production process development, product testing, 

and prototyping respectively. Cell letter "q" documents the planned budget versus 

the budget limit requirement and letter "u" documents the scheduled process time 

versus the process time requirement. Additional complex measurements can be 

defined. The complex measurements which have been defined are only presented 

as examples to illustrate process measurement. 

At this point the external attributes and measurements of the process which 

are necessary to produce the required process behavior, have been identified. They 

are the row labels of the "new product development" process matrix, Figure 4.9. 

Targets for these external measurements must be developed which will result in the 

required process behavior. These targets are located in the "external targets" room. 

Targets are developed by several means. Often targets are established based on 

requirements. In this case all of the requirements measures become target values. 

Because of the strong relationship between the time and budget requirements with 

the resource measures for time and money, the requirements targets become the 

starting point for the planned budget and schedule. Note that the planned budget 

and schedule are less than the requirements to allow a buffer (see cells "q" and "u" 

of the "complex measurements of resources, requirements, deliverables and 
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product"). Other resource attribute requirements are stated in the "external targets" 

room to insure that the resources are adequate. For example, metal and plastic 

capability are required of the prototyping facility. 

The process' competitors may also be used to establish external process 

targets or as a check on existing targets. In this case Cannon's process is used as a 

process benchmark. To the extent that they are known, basic measurements of 

Cannon's external process attributes are recorded for a new copier project. Notice 

that while the Xerox project has an ambitious schedule and low budget when 

compared to the Cannon process, the average spending rate for the Xerox process is 

221% that of the Cannon process, $ 124k/month versus $56k/month. In this case 

221% is an example of a spending rate metric. 

4.1.5 Step five; Deploy the competitive strategy internal to the process 

Step five is to develop internal measures and management structures, and to 

identify the responsibilities which other processes have for the required process 

behavior. Development time is a crucial measurement of this project. Each day of 

product development eats into the existing product market share, representing not 

only lost revenue but lost market share which must be reclaimed by the new 

product. The more market share lost, the better the new product must perform 

functionally and the cheaper it must be priced to regain the lost market share. The 
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other important internal process attributes of the "new product development" 

process are the unit manufacturing cost and the functionality of the end product. 

The final internal attribute which will be tracked is development cost. 

In Figure 4.9, the "operations measurements," "subprocesses," and "lateral 

processes," head up the columns of the process measurement matrix. Development 

time, development cost, end product functionality, and unit manufacturing cost, are 

the internal attributes of the "new product development" process, Figure 4.9. The 

"new product development" process also has four subprocesses and two lateral 

processes whose behavior and responsibilities must be measured. 

The relationships between the operational measurements, subprocesses, and 

lateral processes are documented by the "complex internal measurements" room of 

the process measurement matrix, Figure 3.2. The cells of this room were identified 

in Figure 3.4. The "complex operational measurements" cell quantifies the 

tradeoffs between development time, development cost, functionality, and unit 

manufacturing cost. For example, the tradeoff between development time and cost 

is measured by the lost profit of $1 Ok/day and the planned project expense of 

$4k/day.21  

The relationships between subprocesses are indicated with an "p" in a 

common "subprocess relationships" cell. These relationships are information 

21 For an excellent discussion of the tradeoffs between development time, 
development cost, functionality, and manufacturing cost see (Smith et al., 91) 

http:4k/day.21
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dependencies between processes. Deliverables of an upstream process must be 

developed before they can be used in a downstream process. For example, the 

concept phase must develop the subsystem expectations before the design phase can 

develop piece-part expectations. Informational dependencies are also indicated in 

the lateral process relationships cell and the cell which identifies relationships 

between subprocesses and lateral processes. 

In the "subprocess relationships to operations management measurements" 

cell, the subprocess 's responsibility or contribution to an operations measurement is 

documented. For example the "design phase" occupies 23% of the critical path 

time of the project. Note that all of the subprocesses have a responsibility for unit 

manufacturing cost, as indicated by the '"'c's." Likewise, the "lateral process 

relationships to operations management measurements" are indicated with an 

It is interesting to note that the "distribution" process has no internal relationships. 

As described previously, the "distribution" process must be ready to ship the 

product when it reaches the loading dock, but does not play any internal role in 

"new product development." 

In each cell of the management structures matrix, Figure 3.2, is the 

measurement or management structure which relates the internal and external 

attributes, Figure 4.9. Reading across an external attribute row, the relationship 

between the external attribute and the internal attribute is documented in their 

common matrix cell. For example, if the external process attribute of design team 



193 

project manager is considered, the relationship between the project manager and the 

development time is documented by the schedule and the fact that a project 

manager must be available immediately. The relationship between the project 

manager and the development cost is documented by the budget and the fact that 

the salary and overhead expenses for the project manager will amount to $1 09k. 

The relationship between the project manager and the product functionality is 

measured by the project managers experience designing paper feeders. The 

relationship between the project manager attribute and the unit manufacturing cost 

is measured by the managers experience with medium volume production. The 

relationship between the project manager attribute and each of the subprocesses is 

measured by the percentage of the project managers time which will be occupied 

with each subprocess or lateral process. Finally, a target of one person, who meets 

all of the internal requirements, is established for the position of project manager. 

Likewise, the relationships between each team member and the internal attributes of 

the process are documented. 

The same pattern holds for other resources. For example, the relationship 

between the external process attribute of office facilities and development time is 

documented by the schedule and whether or not the office facilities are available 

immediately, Figure 4.9. The relationship between office facilities and 

development cost is documented by the standard overhead rate for the team 

members. There is no strong relationship between office facilities and either 
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functionality or unit manufacturing cost provided that the office facilities are 

adequate. The office facilities attribute is related to each of the subprocesses by the 

schedule. Facilities must be scheduled and available. 

Money and time are external attributes of the "new product development" 

process and development time and development cost are internal attributes, Figure 

4.9. The external attribute of money is related to the internal attribute of time by 

the economic losses of not having the new product. It is estimated in the project 

business plan that every project day costs $lOk in lost revenue. This is a useful 

number for determining whether or not additional funds should be committed to the 

project to reduce project time. The external attribute of money is related to the 

internal attribute of development cost by the budget and the total amount which is 

budgeted to the project. Money is related to product functionality by the product 

planning QFD matrix, Figure 4.3. The product planning QFD matrix contains the 

engineering measurements for the overall performance of the product. When this 

QFD matrix is constructed, the development team will have a clearer understanding 

of the monetary resources which will be required. The team must then develop an 

updated estimate for the required budget. Money is also related to the unit 

manufacturing cost of the end product by the product planning QFD matrix and the 

key characteristic of unit manufacturing cost. While the unit manufacturing cost is 

contained within the product planning QFD matrix it is useful to report and re-

evaluate this product measurement on a regular basis because project success will 
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depend on achieving the unit manufacturing cost target. Therefore, the relationship 

between the money consumed by the project and the unit manufacturing cost should 

be evaluated, especially if there may be difficulty achieving the unit manufacturing 

cost. In this case it may be appropriate to renegotiate the process behavior for 

additional monetary resources to achieve the unit manufacturing target. Money is 

related to each of the subprocesses by the budget. Money is also weakly related to 

the lateral processes by the budget due to the project manager and the marketing 

representative's time. 

Internal measurements and management structures should be developed 

which relate the external requirements attributes with the internal attributes of 

process measurement and with the subprocesses, Figure 4.9. The first requirement 

is the executive level requirement for market share. This requirement was 

correlated with development time during the fuzzy front end and noted as a strong 

relationship in the "complex measurements of resources, requirements, 

deliverables, and product" room. In the business plan it is estimated that each 

month of project time costs the enterprise one percent in market share. The 

maximum allowable project duration was set at six months because it is believed 

that an additional six percent of market share is the most that can be reclaimed with 

an evolutionary product. If more than six percent of the market must be reclaimed, 

the competitor will have established itself as the standard which can only be 

overcome by a revolutionary design with significant cost and performance 



improvements. The market share is also related to development cost by the 

business plan because the business plan establishes targets for product margin and 

performance which are necessary to achieve the market share target. The business 

plan also estimates the project cost based on the product margin and product 

performance targets. Market share is related to product functionality by the product 

planning QFD matrix, Figure 4.3. The product planning QFD matrix will directly 

address the question of what functionality is necessary to achieve the required 

market share. Market share is related to each of the subprocesses by the schedule, 

Figure 4.9, because project time is directly related to market share. Also, for the 

"concept phase" and the "design phase", market share will be related by the product 

planning QFD matrix because the product planning QFD matrix will establish the 

performance targets which will be necessary to achieve the market share targets. 

For this example, the schedule is tracked with a Gantt chart, Figure 4.10, 

however, other scheduling techniques such as PERT and CPM should be 

considered based on the scheduling complexities and difficulties, (Nicholas, 90). 

Also schedule progress and reporting procedures should be developed so that the 

team is constantly aware of the project's status in relation to the schedule, (STEP, 

96). 

The product margin is related to the internal attribute of development time, 

Figure 4.9, by the schedule, Figure 4.10, and the product planning QFD matrix, 

Figure 4.3. Development time affects the product margin requirement because 
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Figure 4.10. Gantt chart of the "new product development" process. 

significant effort must be expended to achieve this target. This effort can be 

estimated by the total system expectations of the product planning QFD matrix, 

Figure 4.3. Likewise, the product margin is affected by the internal attribute of 

development cost, by the budget and the product planning QFD matrix. The effect 

which product functionality has on the product is also measured and documented in 

the product planning QFD matrix. The unit manufacturing cost directly correlates 

with the product margin because the product margin is determined by the sales 

price and the unit manufacturing cost. The unit manufacturing cost is measured and 

tracked throughout the project as a key characteristic. Each of the subprocesses 

affect the product margin by their effect on the unit manufacturing cost. Finally, 

sales/advertising affects the product margin by establishing the sales price. The 

original market assumptions about sales price are contained in the business plan but 

the predicted sales price should be monitored throughout the project because it 

directly affects the success of the project. If, four weeks into the project, the 

competitors price drops, thereby reducing the projected sales price of the new 
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product, then the business plan must be updated and the project must be 

reconsidered. 

The requirement for project time correlates directly with development time, 

Figure 4.9. The development time of the "new product development" process is 

tracked with a schedule, Figure 4.10. Project time is affected by the development 

costs. This time money tradeoff is documented with the schedule and the budget. 

It may also be useful to note that the project consumes an average of $4.2k per day. 

This number is a useful benchmark for putting project expenditures into context. 

There are always tradeoffs between performance and time. In this case the 

product's functionality requirements, documented in the product planning QFD 

matrix, Figure 4.3, and the schedule required to achieve this functionality, Figure 

4.10, will document the effect of product functionality on project time. Likewise, 

there is always a tradeoff between product cost and project time. The "new product 

development" process schedule, Figure 4.10, and the key characteristic of unit 

manufacturing cost, document the effect of product cost on project time. Each of 

the subprocesses will affect the project time. The effect of each subprocess and the 

lateral processes on the project time is documented in the "new product 

development" process schedule. 

The project budget is affected by development time, Figure 4.9. It is useful 

to track resource expenditures of money as a function of project time. Spending 

either too much too soon or not as much as planned may be good early indications 
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of process problems. The project budget requirement correlates directly with the 

development cost. Product functionality versus project budget tradeoffs are 

documented by the "new product development" process budget and the product 

planning QFD matrix. The tradeoff between unit manufacturing cost and project 

budget is measured by the key characteristic, unit manufacturing cost, and the 

product planning QFD matrix. The "new product development" subprocesses 

directly affect the project budget requirement as documented by the "new product 

development" process budget. 

The tradeoff between product performance and development time, Figure 

4.9, is measured with the schedule, Figure 4.10, and the product planning QFD 

matrix, Figure 4.3. The schedule should address the technical requirements which 

are documented in the product planning QFD matrix, and the product planning 

QFD matrix should address the product performance requirement. Likewise, the 

tradeoffs between product performance and development cost are measured by the 

budget and the product planning QFD matrix. Product performance directly 

correlates with product functionality, and for the "new product development" 

process this relationship is measured by the product planning QFD matrix. The 

effect which unit manufacturing cost has on product performance is measured by 

the product planning QFD matrix and the unit manufacturing cost key 

characteristic. Each of the subprocesses addresses product performance with their 

respective QFD matrices. 
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The deliverable of the "new product development" process is the new 

copier, Figure 4.9. The development time must be no more than six months when 

the first new copier is delivered. The development cost is limited by the project 

budget at $750k when the first copier is delivered. The functionality of the new 

copier should conform to the measurements which were documented in the product 

planning QFD matrix and the unit manufacturing cost of the new copier should be 

less than $6000 and will be tracked as a key characteristic. 

The effect which each "new product development" subprocess has on the 

"new product development" process deliverable is documented by the QFD 

matrices, Figure 4.9. This effect is identical to the effect which each subprocess has 

on product performance. The relationship between the "concept phase" and the 

copier is documented and measured by the product planning QFD matrix and the 

subsystem design QFD matrix. The relationship between the "design phase" and 

the copier is documented and measured by the piece-part QFD matrix, the piece-

part design QFD matrix, and the piece-part process QFD matrix. The "production 

preparation phase" is related to the copier by the piece-part design QFD matrix and 

the piece-part process QFD matrix. Finally, the production subprocess of the "new 

product development" process is related to the copier by the piece-part process 

QFD matrix. 

The lateral processes also have important relationships and responsibilities 

for the copier. The distribution process must ship the copier to retailers. 
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Distribution performance must be quantified by measurements of the distribution 

process behavior. These measurements would be developed and recorded in the 

distribution process measurement matrix. The sales/advertising process must make 

potential customers aware of the new copiers market winning attributes. The 

sales/advertising process must also price the new product appropriately to achieve 

the product margin target. Any attempt by sales to lower the product price to the 

extent that the product margin target is compromised, must be justified. 

The "new product development" process is responsible for all attributes of 

the copier because the copier is the deliverable. The attributes of development time 

which affect the copier's function are documented in the schedule and the product 

planning QFD matrix. These measurements document the development time versus 

product function tradeoff. The tradeoff between product function and development 

cost is documented by the budget and the key characteristic of unit manufacturing 

cost. There is a direct correlation between product function and the functionality of 

the product. The measurements of product function are documented in the product 

planning QFD matrix. The tradeoff between unit manufacturing cost and product 

function is documented by the key characteristic of product cost and the product 

planning QFD matrix. 

Because the deliverable of the "new product development" process is the 

copier and the QFD matrices document the relevant product attributes in this case, 

the QFD matrices will document the effect which each subprocess has on the end 
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product. The relationship between process responsibilities and subprocesses is the 

same as for the deliverable. 

The measurements which document the effect that development time has on 

the product cost are documented in the "new product development" schedule and 

the key characteristic of unit manufacturing cost. The measurements which 

document the relationship between development cost and product cost are 

documented in the budget and by the key characteristic. The tradeoff between 

product functionality and product cost is documented by the measurements in the 

product planning QFD matrix and the subsystem design QFD matrix. 

Functionality is related to product quality by the piece-part design QFD 

matrix, the piece-part process QFD matrix, and the quality control and total quality 

management measurements and procedures. The unit manufacturing cost is related 

to quality by the quality management measures and procedures which prevent 

rework and scrap. 

Targets for the basic measurements of the internal attributes are located 

below the matrix. For this project the development time must be less than six 

months. The development cost should be limited to $75 Ok. The product 

functionality measures will be developed and documented in the QFD matrices. 

Finally, the unit manufacturing cost must be $6000 or less. 
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4.1.6	 Step six; Provide the process' customers with measures that provide 
continuous visibility into process behavior 

Step six is to provide visibility into process behavior. For the "new product 

development" process, executive management's concerns are stated as 

requirements, Figure 4.9. Executive management must therefore be provided with 

estimates of market share and product margin. The executive level process should 

also be provided with regular estimates of the required project time and project 

budget.22 Finally, the "executive level project approval and evaluation" process and 

the "sales, advertising, and marketing" process should be kept informed of the VOC 

as it is developed, and of the total system requirements which the "new product 

development" process will use to measure the end product and ensure that the 

project objectives are achieved. Of course anytime an estimate drops into an 

unacceptable region, the executive level project approval and evaluation process 

must be notified so that a new strategy for the "new product development" process 

can be developed. 

4.2	 "Design phase" 

Now that the process measurement methodology has been applied to the 

"new product development" process, it will be applied to one of its subprocesses. 

22 See (STEP, 96) for schedule and budget measurement and presentation. 

http:budget.22
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In this case the "design phase" has been selected to apply the process measurement 

methodology for a second time. A process measurement matrix will be developed 

which aligns the "design phase" process behavior with the goals of the "new 

product development" process. 

4.2.1 Step one; Identify goals of the enterprise 

This step was accomplished when the "new product development" process 

was first considered and need not be repeated. The goals for the enterprise are to 

achieve a market share of 50% and a product margin of $900. These goals were 

addressed by the fuzzy front end resulting in a project duration of 6 months, project 

budget of $75 Ok, and product performance which is perceptibly better than the 

competition. When the design process is identifying attributes and developing 

measures to align its behavior with that of the "new product development" process, 

it is useful to consider these highest level goals to ensure that the design process 

behavior is well aligned with the "new product development" behavior. 

4.2.2 Step two; Identify the process 

The design process is responsible for developing a product subsystem 

concept into a fully defmed subsystem. In this case the subsystem project will be 

the new paper feeder design. The "design phase" will refine the paper feeder 
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subsystem concept down to the piece-part level and develop the manufacturing 

process requirements and production operations requirements needed to produce 

the product, Figure 4.2. 

The "design phase" consists of two subprocesses: "subsystem design" and 

"piece-part design," Figure 4.1. In the "subsystem design" process, the subsystem 

expectations are developed into piece-part expectations, Figure 4.2, which are 

documented in the "piece-part QFD matrix," Figure 4.5. The piece-part 

expectations are then passed to the "piece-part design" process as requirements. 

The "piece-part design" process refines the piece-part expectations into production 

operations requirements. 

4.2.3	 Step three; Identify the relationships between processes (Who is the 
customer for what?) 

At the beginning of the "design phase" the basic design concept and 

technologies have already been determined by the "concept phase". The concept 

has been defined to the subsystem level and subsystem expectations are 

documented in the "subsystem design QFD matrix," Figure 4.4. For this project, 

the "concept phase" has identified the copier's paper feeder subsystem as the 

primary performance problem when compared to the new Cannon copier. 

The "design phase" accepts subsystem expectations and concepts from the 

"concept phase" as requirements. The "design phase" produces a subsystem 
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definition, which frilly defmes the geometry, material, surface condition, process 

requirements, and process parameters for every part in the product subsystem, as 

process deliverables. These deliverables are passed on to the "production 

preparation phase," where they are used to develop the manufacturing process for 

the product. The "new product development" process manages the "concept 

phase," "design phase," "production preparation phase," and "produce" phase as 

subprocesses, and reviews and approves the deliverables for each subprocess. 

Therefore the "design phase" does not need to monitor the "concept phase" and the 

"production preparation phase" as lateral processes. All common process 

responsibilities and dependencies will be managed by the "design phase." 

4.2.4	 Step four; Align process behavior with the goals and aims of the process 
customer 

As with the "new product development" process, the behavioral attributes of 

the "design phase" are documented in the rows of the "design phase" process 

measurement matrix, Figure 4.11. Note that several of the behavioral attributes 

from the "new product development" process have changed or have been 

eliminated. This is because the "design phase" is a subprocess of the "new product 

development" process and as such is only responsible for a subset of the "new 

product development" process' behavioral attributes. In particular, the product 

customers are not included as process resources because the customers will not be 
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Figure 4.11. Process measurement matrix for Xerox "design phase." 



able to provide useful information about the internal details of the product for this 

project.23 Note also that the production facilities are not included as a resource 

because the "design phase" process does not require production facilities. 

Production facilities will be required later in the "new product development" 

process, during the production subprocess. 

The requirements attributes of the "design phase" are also different from the 

"new product development" process. The requirement for a product margin of 

$900 has been refmed by the product planning QFD matrix, Figure 4.3, and the 

subsystem design QFD matrix, Figure 4.4, to be a unit manufacturing cost for the 

paper feeder of less than $250. This value is recorded both as a requirement and as 

a target, Figure 4.11. The process must be completed within two months and 

within a process budget of $320k with the caveat that additional funding is 

available if it can be justified. Both of these requirements also become 

performance targets. Finally, the product performance requirements have been 

refined to subsystem expectations by the product planning QFD matrix, Figure 4.3, 

and the subsystem design QFD matrix, Figure 4.4. 

The deliverables of the "design phase" are the engineering drawings and the 

process requirements for the paper feeder. The "design phase's" attributes of 

23 This may not always be the case. For instance, when Boeing designs an aircraft, 
the airlines may be involved in many detailed design decisions because the airlines 
are experts at maintaining their aircraft in the field. 

http:project.23


209 

product responsibility are the paper feeder function, unit manufacturing cost, and 

quality. 

The "complex measurements of resources requirements deliverables and 

product" are also a subset of those documented in the "new product development" 

process measurement matrix. Note that the spending rate has increased for the 

"design phase" when compared to the "new product development" process as whole 

(cells "a" and "d" of Figure 4.11). 

4.2.5 Step five; Deploy the competitive strategy internal to the process 

The operations measurement attributes for the "design phase" are 

development time, development cost, functionality, and unit manufacturing cost of 

the paper feeder, Figure 4.11. These are the same operations measurement 

attributes which were used for the "new product development" process. However, 

because the "design phase" is currently only considering the paper feeder 

subsystem, each of these attributes now apply only to the paper feeder, not the 

entire copier. The development time is the time required to design the new paper 

feeder, not an entire copier. Likewise the development cost refers only to the cost 

of designing the paper feeder. The functionality and unit manufacturing cost 

attributes of the "design phase," measure only the performance of the paper feeder. 
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The "design phase" also has two subprocesses: "subsystem design" and 

"piece-part design," Figure 4.11. Theses subprocesses will perform the actual 

design work of the "design phase" so it is important that their behaviors be defined. 

The "complex internal measurements" room indicates that while planned 

spending has increased from $4k/day for the "new product development" process as 

a whole to $7.6k/day for the "design phase," it is still well below the $1 0k/day 

estimate of lost profit during product development. Note that additional expenses 

can be justified for a tradeoff of one project day per $1 Ok. Other tradeoff 

measurements may also be useful. 

The "design phase" process matrix, Figure 4.11, is interpreted the same way 

as the "new product development" process matrix, Figure 4.9, was in section 4.1. 

The effect which internal process attributes have on external resource attributes are 

primarily measured and documented by schedules and budgets. Notice that these 

schedules and budgets are only a subset of the schedules and budgets which were 

developed for the "new product development" process. For example Figure 4.12 is 

a Gantt chart of the "design phase". Notice that this is a refinement of the "design 

phase" process for the Ganif chart of the "new product development" process, 

Figure 4.10. 

The effect which the internal process attributes have on the external 

requirements attributes are measured and documented by budget, schedule, key 

characteristic, and the QFD matrices. Notice that in the relationship between 
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Process 

Week 

Figure 4.12. Gantt chart of the design phase." 

development time and the process budget, the average daily spending for the 

"design phase" is up from S4.2k per day to $5.7k per day. A peak in spending 

during the first half of the project is generally considered good design practice. 

While it would not be wise to set budgets and schedules artificially to achieve this 

spending profile, it is reassuring that the project naturally achieves it. 

The effects which the internal process attributes have on the deliverables are 

documented by the schedule, the budget, the key characteristic of paper feeder unit 

manufacturing cost, and the QFD matrices. Additional measurement may be useful 

for quantif'ing the effort associated with developing drawing or process 

requirements. 

Because the "design phase" is responsible for function, unit manufacturing 

cost, and end product quality, these attributes are measured internally by the QFD 

matrices. The specific QFD matrix which contains the measurements that relate 

internal and external attributes is specified in the "management structures" matrix. 
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4.2.6	 Step six; Provide the process' customers with measures that give continuous 
visibility into process behavior 

The "new product development" process is primarily concerned that the 

"design phase" for the paper feeder meet the requirements on its external behavior, 

which have been specified in the requirements section of the "design phase" 

process measurement matrix, Figure 4.11. These requirement attributes are paper 

feeder unit manufacturing cost, process time, process budget, and the subsystem 

expectations. Each of these attributes must be measured so that the "design phase" 

produces the process behavior which is required by the "new product development" 

process. The parameters of this behavior are bounded by a paper feeder unit 

manufacturing cost of $250; a design process time for the paper feeder of two 

months; a process budget of $320k; and measurements of subsystem expectations 

which are documented in the subsystem design QFD matrix, Figure 4.4. 

Predictions for each of these requirements should be made at the beginning of the 

process and whenever circumstances arise which may affect their final values. 

These predicted values should be provided to the "new product development" 

process at least weekly, and anytime they exceed their targets. The customer should 

receive timely warning of changes in process behavior. The customer process 

should also agree to the required changes in process behavior anytime a 

requirement target is exceeded. 
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No benchmark has been measured to compare with the "design phase." 

However, the historical performance of this project can be used as a benchmark for 

future projects if a more relevant benchmark cannot be found. 

4.3 "Piece-Part Design" 

Continuing the process measurement example for the next level of 

subprocesses, the "piece-part design" process is considered. In section 4.3 a 

process measurement matrix will be developed which aligns the "piece-part design" 

process behavior with the goals of the "design phase." 

4.3.1 Step one; Identify goals of the enterprise 

This step need not be repeated as the goals of the enterprise do not change 

with respect to the piece-part design process. However, it is useful that piece-part 

team members are aware of the executive level requirements for product margin 

and market share. Team members should understand how the "piece-part design" 

process requirements descend from these high level requirements. 
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4.3.2	 Step two; Identify the process 

The piece-part design process is where the actual machine design takes 

place. This process defines the parts which will compose the end product and the 

production process parameters which will be used to manufacture the parts. The 

piece-part design process is responsible for generating the engineering drawings, 

production process requirements, and production operations requirements for the 

paper feeder, Figure 4.2. 

4.3.3	 Step three; Identify the relationships between processes (Who is the 
customer for what?) 

The piece-part design process is a subprocess of the "design phase". The 

"piece-part design" process receives piece-part expectations from the "subsystem 

design" process as process requirements and produces engineering drawings, 

production process requirements, and production operations requirements for the 

copier's paper feeder, which are passed on as requirements of the "production 

preparation phase," Figure 4.2. 

Internally, the "piece-part design" process has three subprocesses: 

"tolerance design", "detailed piece-part design", and "progress check". "Tolerance 

design" and "detailed piece-part design" work in a synergistic way to develop the 

production process requirements and the engineering drawings for each part. The 
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"progress check" operates as a gate to insure that piece-part detail and process 

parameters have in fact been adequately developed to commit production resources 

during the "production preparation phase." 

4.3.4	 Step four; Align process behavior with the goals and aims of the process 
customer 

The external attributes which compose the "piece-part design" process 

behavior are listed in the rows of the "piece-part design" process measurement 

matrix, Figure 4.13. These attributes are measured and targets are established in the 

same maimer as in the "new product development" process measurement matrix, 

Figure 4.9, and the "design phase" process measurement matrix, Figure 4.11. 

The attributes of "piece-part design" process behavior are similar to the 

behavioral attributes of the "design phase". The "piece-part design" process' 

project team shrinks from nine to seven members for the "piece-part design" 

process. The marketing representative and the programer are not members of the 

piece-part process team because their expertise are not useful at this level of 

mechanical design detail. Otherwise, the resource attributes of the "piece-part 

design" process, Figure 4.13, remain the same as for the "design phase", Figure 

4.11. 

The requirements attributes of the "piece-part design" process measurement 

matrix, Figure 4.13, are similar to the "design phase" requirements, Figure 4.11. 
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Figure 4.13. Process measurement matrix for Xerox "piece-part design" process.  
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The paper feeder unit manufacturing cost remains the same, with a target of $250 or 

less. The target process time for the paper feeder project is one month, which is 

half of the two months allotted to the "design phase". The process budget target is 

$ 150k which is less than half of the "design phase" budget. Finally, the engineering 

requirements for the "piece-part design" process are the piece-part expectations 

developed during the "subsystem design" process and documented in the piece-part 

QFD matrix, Figure 4.5. 

The deliverables of the "piece-part design" process remain the same as for 

the "design phase" deliverables because the "piece-part design" process creates all 

of the "design phase's" deliverables. 

The "piece-part design" process is only responsible for the piece-part effects 

on the paper feeder's function, cost, and quality. The "piece-part design" process is 

therefore responsible for how well the subsystems are executed into hardware. 

The complex external process measurement for the "piece-part design" 

process are a subset of the "design phase" measurements. Note that the spending 

rates remain relatively constant. 

4.3.5 Step five; Deploy the competitive strategy internal to the process 

The same basic internal attributes which were used to measure the internal 

implementation of the "design phase", Figure 4.11, are also used to document the 
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internal implementation of the "piece-part design" process. The development time 

is the time required to develop the piece-part expectations, defined by the 

"subsystem design" process, into production process requirements, production 

operations requirements, and engineering drawings, Figure 4.2. Likewise, the 

development cost is the expense associated with developing the production process 

requirements, production operations requirements, and engineering drawings from 

the piece-part expectations developed in the piece-part QFD, Figure 4.5. 

Functionality refers to the functionality of the paper feeder, Figure 4.13, as it did in 

the "design phase" process measurement matrix, Figure 4.11. Finally, the paper 

feeder unit manufacturing cost translates directly from an external requirement on 

the process to an internal target. 

The "piece-part design" process has three subprocesses: "tolerance design", 

"detailed piece-part design," and a "progress check". Each of these subprocesses 

must be adequately measured to insure that the "piece-part design" process achieves 

its required behavior. 

The "complex internal measurements" of the "piece-part design" process 

identify the tradeoffs between internal measurements, responsibilities of 

subprocesses, and the informational dependencies between subprocesses. The 

"piece-part design" complex measurements are similar to the "design phase" 

complex measurements because of the design nature of both processes. 
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The "piece-part design" process measurement matrix, Figure 4.13, is 

interpreted the same as the "design phase" process measurement matrix, Figure 

4.11, and the "new product development" process measurement matrix. The effects 

which the internal process attributes have on the external resource attributes are 

measured primarily with the "piece-part design" process schedule and budget. Both 

the schedule and budget of the "piece-part design" process are a subset of the 

schedule and budget of the "design phase". For example, in Figure 4.14, the 

"piece-part design" process schedule has been expanded from the "design phase" 

Gantt chart to include the "piece-part design" subprocesses. 

Process 
Tolerance design 

I 

Detailed piece-part design 
Progress check 

110 11 112 113 114 
Week 

Figure 4.14. Gantt chart of the "piece-part design" process. 

The measurements which relate the internal attributes of implementation to 

the external requirements for process behavior are primarily contained in the piece-

part design QFD n1atrix, Figure 4.6, and the piece-part process QFD matrix, Figure 

4.7. Unit manufacturing cost is also tracked and reported as a key characteristic. 

Additional measurements are contained in the "piece-part design" schedule, Figure 
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4.14, and the budget. Notice that as the team shrinks towards the end of the 

process, the project spending decreases. For the "piece-part design" process 

average spending is $5.4k per day, down from $5.7k per day for the "design phase" 

as a whole. 

The "piece-part design" process is responsible for creating all of the 

deliverables produced by the "design phase" and therefore shares the same 

deliverable attributes as the "design phase". Notice however that in the area of 

product responsibility, the "piece-part design" process is only responsible for piece-

part performance, not system performance. This is reflected by the change of QFD 

matrices in the central matrix from the "design phase" process measurement matrix 

to the "piece-part design" process measurement matrix. The "piece-part design" 

process is focused on the piece-part design QFD matrix and the piece-part process 

QFD matrix. 

The basic internal targets are that the "piece-part design" process finish in 

less than two months from start to end, consume less than $ 150k, develop a product 

definition and process parameters which will allow a unit manufacturing cost of 

less than $250, and result in a product which meets the functional requirements of 

the QFD matrices. 
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4.3.6	 Step six; Provide the process' customers with measures that give continuous 
visibility into process behavior 

The "design phase" is primarily concerned that the "piece-part design" 

process meets the requirements on its external behavior, Figure 4.13. These 

requirement attributes are paper feeder unit manufacturing cost, process time, 

process budget, and the piece-part expectations. Each of these attributes must be 

measured so that the "design phase" produces the process behavior which is 

required by the "new product development" process. The parameters of this 

behavior are bounded by a paper feeder unit manufacturing cost of $250, a "piece-

part design" process time for the paper feeder of one month, a process budget of 

$ 150k and measurements of piece-part expectations which are documented in the 

piece-part QFD matrix, Figure 4.5. Predictions for each of these requirements 

should be made at the beginning of the process and whenever circumstances arise 

which may affect their final values. These predicted values should be provided to 

the "design phase" process whenever a target is exceeded. The customer should 

receive timely warning of changes in process behavior. The customer process 

should also agree to the required changes in process behavior when a requirement 

target is exceeded. 
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4.4 "Detailed piece-part design" 

The final process that will be considered is the "detailed piece-part design" 

process. This is the lowest level of organization where work is primarily 

collaborative. Further subdivision of the "detailed piece-part design" process 

results in activities which are accomplished by one to three people in a short period 

of time, thereby eliminating the need for process measurement as a management 

tool. 

4.4.1 Step one; Identify goals of the enterprise 

As in the case of the "piece-part design" process, this step need not be 

repeated as the goals of the enterprise do not change with respect to the "detailed 

piece-part design" process. However, it is useful that detailed piece-part process 

team members are aware of the executive level requirements for product margin 

and market share. Team members should also understand how the "piece-part 

design" process requirements descend from these high level requirements. 
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4.4.2	 Step two; Identify the process 

The "detailed piece-part" design process is where the actual machine design 

takes place. This process defines the parts which will compose the end product and 

the process parameters which will be used to manufacture the parts. 

4.4.3	 Step three; Identify the relationships between processes (Who is the 
customer for what?) 

The "detailed piece-part design" process is a subprocess of the "piece-part 

design" process which was considered previously. Piece-part expectations are 

passed from the "piece-part design" process to the "tolerance design" process and 

the "detailed piece-part design" process, Figure 4.2. "Tolerance design" and 

"detailed piece-part design" work concurrently but perform different tasks. The 

"detailed piece-part design" process is responsible for developing the piece-part 

expectations and the piece-part tolerances into engineering drawings, production 

process requirements, and production operations requirements, Figure 4.2. These 

deliverables are then passed on to the "progress check" subprocess of the "piece-

part design" process which operates as a gate to insure that the product is ready to 

move into the "production preparation phase." 
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4.4.4	 Step four; Align process behavior with the goals and aims of the process 
customer 

The only resource attribute that changes from the "piece-part design" 

process to the "detailed piece-part design" process is the team size which reduces 

from seven members to four, Figure 4.15. The vendors and the electrical engineer 

are not needed at the "detailed piece-part design" process level. Office facilities, 

prototyping facilities, and testing facilities must all be scheduled and budgeted. 

Time and money must be tracked. 

The requirements, deliverables, and product responsibility attributes for the 

"detailed piece-part design" process behavior, Figure 4.15, are all the same as in the 

"piece-part design" process measurement matrix, Figure 4.13. This is because the 

inputs and outputs of these processes are almost identical. 

4.4.5	 Step five; Deploy the competitive strategy internal to the process 

Development time, development cost, paper feeder functionality, and paper 

feeder unit manufacturing cost are the basic measurement attributes of internal 

process implementation. The "management structures" matrix is interpreted by 

reading the measurement or management structure in the cell which is common to 

an internal and an external attribute. This measurement or management structure 

will quantify the effect which the internal attribute has on the external attribute. As 



____ ____ 

__ 

__

___ ___ 
_______________ 

225 

Complex external proce 
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Figure 4.15. Process measurement matrix for Xerox "detailed piece-part design" process. 
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with the other process measurement matrices, the resources are primarily measured 

by budgets and schedules. Again, the schedule for the "detailed piece-part design" 

process, Figure 4.16, is a subset of the "piece-part design" schedule, Figure 4.14. 

Notice that the schedule is now measured in days. 

Activities  
Piece-part concept selection  iii iii iii liii iii liii iii  
DFA and functional tree  
Detailed design for producibility  
PPdesignmatrix  
PP process matrix  
Process engineering  
Development of factory capability  I> 

Day 

Figure 4.16. Gantt chart of the "detailed piece-part design" process. 

Seven distinct activities perform the design work: "piece-part concept 

selection", "DFA and functional trees", "detailed design for produciblity", "piece-

part design matrix", "piece-part process matrix", "process engineering", and 

"development of factory capabilities". These activities will involve one to three 

persons working individually or collaboratively for short periods of time and are 

therefore not considered collaborative processes which need extensive internal 

process measurement to insure process behavior. Requirements should, however, 

be developed for each activity to insure that the process' behavior is supported. 
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The tradeoffs between the internal measurement attributes, the 

responsibilities of each activity, and the informational dependencies between 

activities are documented by the "complex internal measurements." When this 

many activities must be coordinated, it is important to consider all informational 

dependencies. It is especially important to check each dependency to insure that the 

upstream activity does not require information from the down stream activit?4 

The measurements which relate the internal process attributes to the 

external process attributes are virtually identical for the "detailed piece-part design" 

process, Figure 4.15, and the "piece-part design" process, Figure 4.13. Note that 

the average spending rate for the "detailed piece-part design" process is down from 

$5.4k per day during the "piece-part design" process to $4.4k per day. 

4.4.6	 Step six; Provide process' customers with measures that give continuous 
visibility into process behavior 

The "piece-part design" process is primarily concerned that the "detailed 

piece-part design" process for the paper feeder meet the requirements on its 

external behavior, which have been specified in the requirements section of the 

detailed piece-part process measurement matrix, Figure 4.15. These requirement 

attributes are paper feeder unit manufacturing cost, process time, process budget, 

and the piece-part expectations. Each of these attributes must be measured so that 

24 See (Eppinger et al., 90) for a discussion of task dependencies. 
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the "design phase" produces the process behavior which is required by the "new 

product development" process. This behavior is bounded by a paper feeder unit 

manufacturing cost of $250, a "detailed piece-part design" process time for the 

paper feeder of two weeks, a process budget of$62k, and measurements of piece-

part expectations which are documented in the piece-part QFD matrix, Figure 4.5. 

Predictions for each of these requirements should be made at the beginning of the 

process and whenever circumstances arise which may affect their final values. 

These predicted values should be provided to the "piece-part design" process, 

especially if they threaten to exceed their targets. 
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5. VERIFICATION OF PROCESS MEASUREMENT 
THEORY AND METHODOLOGY 

5.1 Nature of design process research verification 

Verification is an important part of any research project. Without 

verification, theory remains just that, a theory which may or may not accurately 

represent physical phenomena. Unfortunately, in the social sciences verification 

has been more problematic than in the hard sciences. The result has been that 

theories in the social sciences have rarely if ever been indisputably verified. 

Questions of validity invariably remain. 

Design process research straddles the line between the hard sciences and the 

social sciences. Design process measurement is a management tool which lies on 

the social science side of the line. Design process measurement deals with 

measuring the performance of groups of people. This presents several problems. 

First, anytime the performance of humans are involved, verification is difficult. 

This project is complicated by the fact that it does not deal with process 

performance directly but how one should measure process performance. Because 

this research is metasystemic, measuring its performance is problematic. If the 

process is of interest, then a metasystemic measurement can be used to quantif' 

performance. However, if the metasystemic measurements are the subject of 

research, then a higher level of measurement based on global process performance, 
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must be monitored over an extended period of time, to quantify performance and 

eventually verify the accuracy, utility, and importance of the metasystemic theory. 

5.2 How can design process research be verified 

The most common methods of design process research verification are 

simulations, laboratory experiments, field observations, and case studies. Each of 

these methods was considered as a model for verifying this research. 

5.2.1 Problems with simulation as a verification method 

Of these verification methods, simulation is particularly attractive because it 

requires few resources and once a theory is developed, modeling generally requires 

less time and effort than the other verification methods. However, in the area of 

design process research, simulation remains controversial. There is as yet no 

accepted mathematical basis for the design process. Mathematical models of the 

design process are regarded with skepticism because the correlation between reality 

and the model is never indisputably established. Most design process research 

which relies on mathematical models for verification, suffers from modelism; the 

study of a model for its own sake rather than using models to understand the real 

world. This results in "the study of irrelevant or over-idealized questions rather 

than answers to important questions" (Nicholas, 90). 
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5.2.2 Problems with verification in lab setting 

Laboratory experiments remain popular verification methods for design 

process research because the relationship between reality and the experiment, 

though often controversial, is more straight forward than with simulation. For 

design process research involving one or a few designers, laboratory experiments 

offer a proven verification model. However, for product development process 

measurement research, laboratory experiments are not practical. 

Product development processes which are most in need of process 

measurement use large cross functional and multi disciplinary teams, with changing 

membership, depending on the needs of the current project phase. These complex 

processes are the focus of this research project. By their very nature, these 

processes are difficult if not impossible to duplicate in the laboratory. 

Creating a large multi disciplinary product development project in a 

laboratory setting would require significant resources which were unavailable. The 

desired experimental effect cannot be duplicated with a simple design problem and 

a few people. Process measurement is only necessary when processes are complex 

and difficult to manage. 

To approximate a real world product development process in the laboratory 

one must assemble a real world team. Simulating actual team behavior with 

students or other volunteer subjects is problematic. Product development processes 
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function because a diverse group of experts each provides critical information in a 

coordinated manner. This process cannot be duplicated with team members who do 

not have the knowledge to function as product designers. Also most product 

development team members will have some product development experience. This 

process experience is important when creating a team which is representative of an 

industrial environment. 

New product development is expensive. Even a small team and a relatively 

modest product will require significant monetary, prototyping, and testing 

resources. Also, without actual manufacturing facilities and actual customers to 

consume the product, production process development and production ramp up 

cannot be included in the research. The handoff between engineering and 

manufacturing is an important subject for process measurement. 

Even short product development projects take six months to three years to 

complete. This is a significant amount of time over which to maintain a laboratory 

experiment. This time factor cannot be compressed significantly because, if the 

project is simplified to the extent that the design can be completed in days or 

weeks, then most likely the process will be simple enough not to benefit 

significantly from process measurement. In any case, a design exercise of a few 

days to a week would not be representative of actual product development in 

industry. To develop statistically significant measures of process improvement, 

several experimental projects must be run over a significant time span. 
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Even if adequate resources are available, creating a work environment and 

process which are representative of actual product development conditions would 

be challenging. Without a representative environment, process performance is 

suspect. 

Assembling a representative team for a long term design exercise would be 

problematic. Team members with the required skills will not want to waste their 

time and effort on a design exercise even at standard levels of compensation. Even 

if a team can be assembled, it will be difficult to create the same sense of urgency 

which exists in actual projects. 

One reason that a representative environment will be so difficult to attain in 

a laboratory setting is that there is no long term motivation for design team 

participants. There is no future in a laboratory experiment unless it is fully 

supported by a company and adequate recognition is paid to the participants. 

Therefore team members are not motivated to perform with the same intensity that 

they may otherwise bring to work in industry. 

All experiments result in some non representative behavior. This is 

especially problematic in this case where it is impractical to create a representative 

environment. The compromises that are required to make laboratory experiments 

practical and the effects of experimental observations on the team would create 

highly suspect results. 
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Without actual customers and an actual market for the product, verifications 

of the product's performance in the marketplace can only be estimated. The most 

important verification of the process measurement methodology would be a 

correlation between process measurement and product sales, satisfaction, and 

performance statistics in the marketplace. Actually process measurement, in itself, 

does not imply that product performance will increase in any of these areas, but 

rather that the product's sales, satisfaction, and performance statistics will be 

aligned with the goals of the enterprise. This makes verification even less straight 

forward because attainment of targets set by the enterprise level depends in part on 

the ambition of these targets. Easy targets will of course be attained more often 

while product performance will be more likely to fall short of ambitious targets. 

5.2.3 Problems with verification in an industrial setting 

While observations and case studies remove much of the discrepancy 

between research models and reality, an industrial setting does not eliminate bias 

from experimental results. Pilot programs and subjects of observation often 

produce superior performance but this performance does not translate into real 

world gains when the pilot program is moved into the mainstream of the company. 

The primary reason that pilot programs do not produce representative results 

for the company as a whole is that pilot programs often have non-representative 
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environments. These environments often cannot be duplicated when the program is 

applied company wide, resulting in lower than expected performance. 

One environment factor is that motivated and ambitious employees are more 

likely to support and join a pilot program if given the chance. Pilot programs are 

usually championed by executive level management and supporting the program is 

often seen as a good career move and simply the right thing to do for the company. 

Of course it is only good if the pilot program is successful, therefore team members 

are motivated to succeed in ways that most employees are not. Also there may be a 

correlation between ambition and competence so that the pilot program not only 

attracts ambitious, motivated employees but also an average employee competence 

which is not representative of the entire company. 

As a result, processes are developed which are not acceptable for the entire 

workforce. These process results are not representative of their application 

company wide. Researchers and managers must remember that half of a company's 

workforce will by definition be below average in competence and performance, 

(Harrington, 91). A company's processes must make everyone better, not just the 

top performers. In fact, there is generally more to be gained by making the bottom 

fifty percent of employees more effective than by improving the performance of the 

elite performers in the company. Yet pilot programs are often staffed and designed 

by and for the companies elite, and operate under nonrepresentative conditions 

which have been tailored to produce success, (Mackey, 98). 
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These nonrepresentative environmental factors lead to nonsense 

correlations. One classic example of a nonsense correlation occurred when a 

production engineer got the idea that improving the lighting in his factory would 

increase productivity. He explained his theory to management and received 

permission to increase the lighting. He also explained to the workers on the floor 

how increasing the lighting would improve their productivity. Sure enough, when 

the lighting was increased, productivity increased. Encouraged by hard evidence of 

the correlation the production engineer increased the lighting level in the factory 

again and sure enough productivity increased again. It appeared that a clear 

correlation had been established. However, the idea was raised that the lighting 

should be lowered to a previous level to insure that the causation between lighting 

and productivity was in fact real. So the lighting was reduced and productivity 

again increased. As it turned out, productivity correlated with the attention which 

management applied to the process, not with the lighting. This is known as the 

Hawthorn Effect. 

Recalling the typing pool example of chapter three, it was noted that 

measurements affect behavior. Additional measurements applied to research will 

affect behavior if the researchers are not careful. This may result in a Hawthorn 

effect which is due to the verification measurements and not the process of interest. 

If non-representative conditions are created by the research, then the results must be 

considered carefully and hypotheses should be developed and tested to establish 
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causality. Unfortunately, in design research establishing causality is extremely 

difficult and rarely successful. 

Even in double blind studies, not possible with this problem, experimental 

results often do not transfer into operational environments because of non-

representative environments; unintentionally biased samples due to participant 

motivation, available participant pool, etc. 

It is very difficult to avoid biasing the results for which you are searching. 

This becomes exceedingly difficult in a business environment. Business is focused 

on getting results. Therefore, a detached, impassive approach to process research is 

even more difficult than obtaining objectivity in the hard sciences. 

Companies with the financial resources to do good scientifically valid 

research on the product development process are few. Many of these companies do 

have continuous improvement programs but they are not motivated to seek outside 

help with research. In contrast companies which are both motivated to improve 

their product development process and seek outside help, usually do not have the 

resources to develop statistically valid research. 

Without adequate resources, the risks associated with design process 

research may not be feasible. There is always risk associated with change. This 

risk may be necessary to achieve research goals but may not be acceptable to a 

partner company. Balancing the needs of the research with the needs of the 
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company, and still achieving results which are useful for both purposes is a 

challenge. 

When new processes and techniques are being developed and verified, a 

company may need to maintain multiple, parallel processes. This may be necessary 

to reduce risk and it may also be necessary to achieve the goals of the research. 

However, maintaining multiple processes creates a management and accounting 

overhead which most companies cannot sustain. 

To ensure that a new technique is in fact useful it may be necessary to verify 

the performance of processes which are old or otherwise considered to be inferior. 

This verification may be necessary to avoid the Hawthorn effect. Two problems 

will be associated with operating what is believed to be an inferior process. First, 

the research is justified based on the savings of the new process. This may create a 

self fulfilling prophecy. Second, the projected looses will be hard to justify when 

the research is only trying to verify what it believes to be true. Business does not 

usually bother with such niceties. Business does what it believes to be best, period. 

One of the most significant problems with design process research, from a 

business perspective, is the required time commitment. When individual projects 

can take years to complete, obviously a statistically valid verification is a long term 

commitment. In the current business world, business strategy can change on a daily 

basis. Committing to a research program which may take most of a decade to 

complete is not in the current thinking of most companies. 
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Multiple projects will be required for a statistically significant verification 

of process measurements. Market forces are difficult to predict making some 

seemingly unlikely products into winners and other promising products into losers. 

In the end, market forces can swamp the effect of process for a given project. The 

success or failure of a single product may depend on any number of economic and 

social effect which lie well beyond the product development team's ability to 

control or even predict. However, in the long run, process improvement should be 

measurable. 

As a result of market forces and other noise factors, one or two verifications 

will only produce anecdotal evidence of effectiveness. This does not mean that one 

or two projects would not yield useful information. In fact, the first projects will 

yield the most information and produce the greatest changes to the methodology but 

they will not be conclusive proof of effectiveness. 

Conclusive verification may never be possible. After more than a decade of 

wide spread use, QFD is still not accepted as a technique which has been 

demonstrated to improve the product development process conclusively. However, 

most product development process experts agree that it is a useful technique. 

Process measurement methodologies are more problematic than QFD to verify 

because they are metasystemic while QFD is operational in nature. 



5.3 Verification efforts for this research project 

5.3.1 Research methodology 

The original research proposal called for documenting several existing 

product development processes. No theory of process measurement or management 

would be applied during this data collection phase of the project. Data collection 

was to be purely descriptive of the existing product development processes. The 

data collection methodology was developed from the assumption that in a 

collaborative process, all design information which reaches the final product must 

be communicated. By documenting communication between engineers during the 

design process, all possible information would be collected, from which any 

measurement could later be constructed. The data collection during the research 

phase would therefore be a superset of any data collection required by the 

subsequent process measurement theories. 

Two product development processes were documented. One was a 

commercial locking product at Supra Products Inc. of Salem Oregon. The second 

project was a docking station design for a new laptop computer system at Hewlett 

Packard's mobile computing division in Sunnyvale California. The original intent 

was to collect data from three or more design projects in partnership with 
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supporting companies. However, we were unable to negotiate any additional 

projects with other companies. 

Each design project was to be documented over a period of six months. 

During this time a significant amount of design work by a multi disciplinary team 

was to be documented through the team's communications. Each project was to 

have an OSU graduate student working on the design project within the host 

company as a participant observer. The participant observer would do actual design 

work as well as document the communications of the group through biweekly 

interviews with team members. The information collected would be recorded on 

standardized forms developed for this research and entered into a database. 

During the second year of the project a theory of product development 

process measurement was to be developed. Based on background reading, the data 

collection process, and the actual data collected, the project manager was to 

develop a theory of process measurement which could be applied to new projects at 

the participating companies. This theory would identify measurements that would 

be useful for managing and improving the existing design processes. 

During the third year of the project, the product development measurement 

theory was to be verified through use in new product development projects. This 

verification would be anecdotal in nature because time constraints would prevent an 

analysis of the new product's performance in the marketplace. 
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The long term goal was to compare process performance before and after 

the application of process measurement. This would require the analysis of several 

projects and sufficient time to document the performance of the newly developed 

products. 

5.3.2 Research accomplishments 

The research progressed to the point of data collection successfully. A data 

collection protocol was developed which has the potential to document the 

communications of the design process, identifj significant work efforts as tasks, 

and in general, record the flow of information during the design process25. This 

document was prepared to organize the data collection effort and maintain 

consistency between projects during the data collection from start to termination. 

This consistency was difficult but with regular meetings between team members it 

was achievable. 

An important part of maintaining consistent data between project was the 

use of standardized data collection forms. These forms were developed to provide 

consistency in the data collection and to format the data for easy database entry. 

The use of standardized data collection forms was advocated by Crispin Hales 

(Hales, 87) and experience during this research supported their use. 

25 This data collection protocol is reproduced in appendix B. 
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The database was design and maintained as the primary task of one 

researcher. All data forms were transcribed from paper into the database by hand. 

The data base was intended to be used to better understand the flow of information 

within the product development process and as a tool for developing process 

measurements and measurement theory. 

5.3.3 Difficulties with research 

Several difficulties during the data collection phase prevented the research 

from proceeding as planned. Collecting high quality data proved to be more 

difficult than originally anticipated for a number of reasons. 

Both design projects operated in an ad hoc manner. This was due both to 

the relative youth of the existing processes and the style of the project managers and 

participants. However, the more ad hoc the process, the more difficult it is to 

collect data, and the less the data actually means. In a truly ad hoc process, the 

process is in constant flux. Therefore any process measurements will be irrelevant 

as the process which was measured no longer exists and will never exist again 

because it was not documented so that it could be repeated. 

Several problems were encountered with the specific projects which were 

used for the research. One of the projects was canceled after three months due to a 

lack of commitment to the project by the partner company. This lack of 
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commitment was in part due to problems which were developing in the company 

with their primary product development project. As a result the research collected 

very little data from the first three months of data collection for this project. At this 

company the participant observer switched to another project and started over with 

the data collection. 

In the second company, the project was slowed down and delayed due to 

staffing problems. When the project was resuscitated it was so far behind schedule 

that little effort could be spared by either the team members or the participant 

observer for the research. As a result very little data was collected. 

The overhead associated with data collection was a significant stumbling 

block. Participants did agree to be interviewed as long as time permitted but the 

only active member in the research was the participant observer. Originally the 

research project had envisioned participation of all team members through the use 

of data sheets, notebooks, logs, etc. When these ideas were explored at the start of 

the data collection, the project managers would not agree to have regular team 

members participate in the actual data collection because of the additional overhead 

this would create on their finite time resource. The project managers would not 

even have team members acknowledge communication with a date and time or 

even a check mark in a ledger. 

Even though researchers were supposed to devote halftime to data 

collection and halftime to design work, in practice, researchers were expected to 
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work full time on project work when needed. The researcher's time was also 

allotted to non research projects and tasks. This multitasking was an inefficient use 

of the researchers time from the prospective of the research project. This 

multitasking behavior was not originally anticipated but when project managers 

were pushed by problems and deadlines, the research came second. 

When problems developed in each project, data collection became more 

difficult. Team members no longer had time to devote to interviews, researchers no 

longer had adequate time to collect data, and when the executive level applied 

pressure, team members were no longer responsive during interviews. It is 

assumed that in part this was due to a fear that the data which was collected could 

somehow be damming to the team member personally or embarrassing to the 

company. Even though every effort was made to insure that these fears were 

unfounded, data collection stopped from all sources except the participant observer 

during the last two months in one project. 

There was always a reluctance to share specifics of the project at both 

companies. Companies are very reluctant to share any information which they 

consider to be a trade secret or a competitive advantage. Companies are also 

reluctant to fully disclose problems encountered during the design process, faults 

which exist in products as a result of product development problems, or any other 

weakness which may be exploited by a competitor. No amount of legal 

nondisclosure agreements were able to fully breach this wall even though one of the 
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researchers was a full time employee of the company where the research was 

performed. 

As a result of difficulties obtaining verification in an industrial setting and 

the problems associated with simulation and laboratory experiments, an example 

was constructed to illustrate the process measurement theory developed in this 

dissertation. This illustrative example in chapter four is a form of verification, 

albeit an inconclusive one. In the example, the methodology is applied to a 

published design example. By observing how the methodology can be applied, the 

practicality of the methodology is anecdotally verified. The reader can judge for his 

or herself whether this process measurement methodology would result in an end 

product which is better aligned with the goals of the enterprise. 

5.3.4 Future work 

The next step in the development and verification of the process 

measurement methodology is to apply it in an industrial setting. This will no doubt 

result in many changes based on actual field experience which will improve the 

process measurement methodology. Currently a field trial is being planned and 

may be performed within the next year. 

The project which has been proposed will use a participant researcher in an 

industrial setting. In this case the researcher will do more than just observe. The 
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researcher will be involved in both documenting the actual process and suggesting 

process options to the project manager. Hopefully, the process measurement 

methodology can be incorporated into the project. 

Because statistically relevant evidence of process measurement performance 

will require extensive application of the process measurement methodology and 

analysis of product performance, only anecdotal evidence of process and product 

improvement will be collected by this project. However, this will be an important 

starting point for additional work. 

Ultimately it will be useful to document the successes and failures of 

product development processes which use the process measurement methodology. 

Correlating product success with process measurement is the strongest verification. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

This dissertation makes three distinct contributions to the field of 

mechanical engineering design. 

1.	 Chapter two develops a taxonomy of process measurement. This taxonomy 

builds on the object modeling concepts of information hiding and behavior 

to classify measurements as either internal or external with respect to the 

process. External measurements document and control process behavior 

while internal measurements document and control process implementation. 

2.	 Chapter three provides a systematic methodology for developing process 

measurements. This methodology is a top down approach to process 

measurement which focuses on aligning process implementation with the 

process customer's requirements for the process's behavior. 

3.	 Chapter three also presents the process measurement matrix. This matrix is 

an extension of QFD to support process measurement. The process 

measurement matrix is an important tool for achieving alignment between 

processes. 

Each of these achievements is original to this dissertation and represents a 

significant contribution to the field of mechanical engineering design. 

The conclusion of this dissertation is that to improve process performance, 

one must measure processes, not business organizations or departments. If the 



249 

perfonnance of the product development process is to improve, then the product 

development process must be measured and controlled. Measuring individual 

departments is an important subproblem of process measurement. However, in and 

of itself, departmental measurement can lead to functional silos which are very 

proficient at what they do, but not effective in the new product development 

process. Process measurement is the key to process improvement. The 

contributions presented in this dissertation provide the theoretical basis and 

practical tools of process measurement. 

The primary difficulty applying this work is that people are familiar with the 

concept of measuring a department or an activity, but not with the concept of 

measuring a cross-functional process. Most organizations are full of measurements 

but they do not improve process performance because they are not process oriented. 

For measurements to support the process, they must align so that the highest level 

goals are supported by the lowest level worker. Every member of the organization 

needs to be able to see how their processes support the enterprise and therefore, 

how they can be improved. 

It is also just as important that the executive level of the organization have 

visibility into the behavior of its processes. Design processes must be predictable if 

business is to use them effectively. If the executive level does not have this 

information it is flying blind. It does not know how much gas is in the tank or what 

its current altitude is and when mountains loom up in its path it does not have the 
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necessary information to make educated decisions. The executive level may also 

lack the necessary control to change the flight path even when disaster is obvious. 

Well aligned process measurements provide both the information to make good 

decisions and the control to change a process' direction when necessary. 

The key to process measurement is to understand which process attributes 

are external and which are internal. Once this distinction is made, the utility of a 

measurement becomes obvious. Is the measurement quantifying an external 

attribute, thereby measuring the processes behavior? Or is it quantifying an internal 

attribute, thereby measuring its implementation? Note that the same data can 

produce both internal and external measurements. 

The executive level is concerned with product development process 

behavior. Can the product development process reliably deliver products which 

perform as expected in the marketplace using only the originally estimated 

resources? While business is not a science and therefore absolute predictability is 

not a reasonable or even a desirable goal, current product development processes 

rarely succeed in providing predictable measures of their behavior. Often processes 

obsess on internal measurements which may or may not have a good correlation 

with higher level goals. No one really knows whether these internal measurements 

support the goals of the enterprise because there is no formal alignment which 

provides visibility to a high-level goals. Instead, most internal measurements are 

developed to provide local optimizations of departments which may even be 
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detrimental to cross functional processes such as the new product development 

process. 

This dissertation has attempted to organize the question of how one 

measures a process. This question was answered by taking a process centered 

approach to process measurement. The question of what is process measurement 

was considered as a starting point. A taxonomy of process attributes was developed 

to better understand the utility of process measurements. Guidelines for process 

measurement were developed. Then this process theory was used as the basis for a 

methodology to develop product development process measures. Finally the 

process measurement matrix was developed to support the process measurement 

methodology. 

The process measurement theory, the process measurement methodology, 

and the process measurement matrix presented in this dissertation provide the 

engineering manager and the executive manager with an organized approach to 

understanding, measuring, and controlling the product development process. The 

approach of understanding measurement from a process centered perspective before 

considering practical implications of measurement is unique to this dissertation and 

a clear departure from the conventional approach of identifying process 

shortcomings and then proposing measurements to address these problems. While 

measurements are effective weapons for solving process problems, without 
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theoretical underpinnings, process measurements based on process problems are 

difficult to develop, understand, and manage. 

This dissertation does not solve any operational problems or propose any 

new process measurements. What it does do is, however, more important. This 

dissertation provides the process measurement theory which will allow any 

manager to solve his or her own set of process problems and communicate the 

solution both up to customers and bosses, and down to workers and subprocesses. 

The most important future work is to apply this theory and methodology in a 

complex, cross-functional, product development process. This theory was 

developed from the product development, software development, and business 

management literature along with the author's personal experience and experiences 

related by other engineers who work as designers and managers. No doubt many 

practical issues have been unintentionally overlooked. For the methodology to be a 

truly practical tool, it will need to be tested, refined, and proven in actual use. The 

author does however believe that this work is the best and most complete approach 

to measuring the product development process to date. 
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Appendix A: Glossary of Terms 

alignment:	 The extent to which measurements at one level correlate with 
measurements at a higher level. 

alignment between processes:	 The extent to which the goals of a process 
support the goals of the process' customer. 

alignment within a process:	 The extent to which the implementation of a process 
supports the goals for the process' behavior. 

attribute:	 "A feature or property of an entity" (Fenton et al., 97, p. 5). 

basic measurement:	 A single measurement which is made directly as opposed to a 
measurement which is calculated based on other 
measurements. 

behavior:	 The relationship that exists between the inputs and outputs. 

business measurement:	 A complex measurement composed of both resource 
measurements and external measurements of the end 
product. 

complex measurement:	 A measurement which is calculated based on two or 
more basic measurements. Measurements which are 
impractical to make directly. 

customer relationship:	 A hierarchal process relationship which involves the 
transfer of resources. 
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deliverable conformance measurement: A complex measurement composed of 
both requirement and deliverable 
measurements. 

deliverable evaluation measurement: A complex measurement which relates 
operational management measurements with 
deliverable management measurements to 
determine the conformance or quality of the 
subprocess deliverable. 

deliverable management measurement:	 A complex measurement which relates 
operational management 
measurements with deliverable 
measurements. 

deliverable measurement:	 A process measurement which quantifies deliverable 
attributes, ie. number of requirements, number of 
drawings, number of parts, etc. 

effective conformance measurement:	 A complex measurement composed of 
both requirement and end product 
measurements. 

effectiveness measurement: A complex measurement composed of both resource 
and end product measurements. 

efficiency measurement:	 A complex measurement composed of both resource 
and deliverable measurements. 

entity: "An object or event in the real world" (Fenton et al., 97, p. 5). 
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external attribute:	 Those attributes of an entity which constitute the behavior of 
the entity as viewed from a perspective of interest, usually 
the customer's perspective. 

hierarchal:	 With respect to process relationships, a hierarchal relationship is one 
where a process directs the operational actions of a subprocess, 
usually through process inputs. 

information hiding:	 The principle that customers of a process need not 
understand the process implementation to use the process 
effectively. By hiding some aspects of process 
implementation from the customer, the customer/process 
relationship is simpler and better defined. This controlled 
relationship also allows the process to change its 
implementation and accurately predict the effects which the 
customer will experience. 

internal attribute:	 Those attributes of an entity which are hidden as viewed 
from a perspective of interest, usually the customer's 
perspective. 

lateral process relationship:	 Collaboration between two operational processes of 
equal stature to accomplish a common goal. 

management effectiveness measurements:	 A complex measurement which relates 
operational management 
measurements with end product 
measurements. 

management structures matrix:	 The central matrix in the process 
measurement matrix which aligns internal and 
external measurements and attributes. 
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measure:	 "The number or symbol assigned to an entity by this mapping 
(measurement) in order to characterize an attribute" (Fenton et al., 
97, p.28). 

measurement: "The process by which numbers or symbols are assigned to 
attributes of entities in the real world in such a way as to describe 
them according to clearly defined rules" (Fenton et al., 97, p. 5). 

metasystemic: With respect to process relationships, metasystemic processes and 
relationships are concerned with achieving the organizations goals 
through organizational design, not through operations directly. 

metric:	 A function that measures a change in an entity. 

metric value: A number or symbol that quantifies a change in an entity. 

operational attributes: Attributes of process implementation, usually hidden from 
those external to the process, ie. schedules, budgets, 
requirements accounting, etc. 

operational management measurement:	 A Measurement which quantifies 
attributes of process implementation. 
An internal measurement of process 
execution as opposed to an external 
measurement of process behavior. 

planning measurement:	 A complex measurement composed of both resource 
and requirement measurements. 

process measurement matrix: A QFD style matrix which is used to align internal 
measurements and targets of process operations with 
external measures and targets of process behavior. 



262 

product evaluation measurement:	 A measurement which determines the 
subprocess' responsibilities for and 
contribution to the end product. This 
measurement may also determine the value 
added by the subprocess. 

product conformance measurement: A complex measurement composed of both 
deliverable and end product measurements. 

product measurements:	 Measurements which quantify product attributes, ie. 
size, weight, performance, number of parts, cost, etc. 

QFD: An acronym for Quality Function Deployment. The core of the QFD 
method is the house of quality which is a methodology for aligning 
engineering measurements and targets of the product with the desires of the 
customer. Developed in Japan and adopted world wide, it is now 
considered by many to be the only practical formal tool for translating the 
VOC into a successful product. 

requirements management measurement:	 A complex measurement which relates 
operational management 
measurements with requirements 
measurements. 

requirement measurement:	 A measurement of a process' requirements, ie. 
customer requirements, business requirements, 
regulatory requirements, etc. 

requirements tracking measurement: A complex measurement which relates 
operational management measurements with 
requirements measurements. 
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resource allocation measurement:	 A complex measurement which relates 
operational management measurements with 
subprocess resource measurements. 

resource management measurement: A complex measurement which relates 
operational management measurements with 
resource measurements. 

resource measurement:	 A Measurement of a process' resources: time, money, 
people, facilities, material, etc. 

subprocess measurement:	 A basic or complex measurement which quantifies 
external subprocess attributes. 

substitution metric: A metric which quantifies the differences between distinct 
entities. 

transformation metric:	 A metric which quantifies the rate of change of an 
entity from one point in time or one identifiable state 
to another. One set of measurements must precede 
the other. Both sets of measurements cannot be made 
simultaneously. 

VOC: An acronym for Voice Of the Customer. A list of end product requirements 
which fully defines the end product behavior written from the perspective 
of the end product customer. 
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Appendix B: Data Collection Protocol 

To: Metrics Team 

From: Alan Wright 

Date: 6-24-97 

Subject: Data collection protocol, Version 2 

Preface:	 Please consider this a working document. If you disagree or are 

unclear about any aspect of this document, please contact me so that 

we can revise the protocol. 

The researcher is responsible for documenting the design effort of a core 

group of engineers during the research project. The research project definition will 

be a mutual agreement between the sponsor company, the researcher, the project 

manager, and the principal investigator. A project definition should be wriften up 

by the researcher at the start of the project and modified as necessary during the 

project. Any changes to the scope or goals of the project or to the responsibilities 

of the researcher should be written up by the researcher, and communicated to the 

project manager and principal investigator when possible. 

The core group of designers should be specified in the project definition. 

This group will consist of all employees of the sponsor company who regularly 
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work on the research project. The core group members should be available for 

interview by the researcher on a weekly if not daily basis. Core group members 

may change during the project as some members finish task work and other new 

members start new research project tasks. The researcher is responsible for 

identifying the core design group and updating this definition continuously. The 

researcher needs to update the project definition document and adjust his research 

activities to include new members as the core group changes. 

Design effort can be classified as either communications or activities. The 

researcher is responsible for documenting both communications and activities. 

Activities are defined as a discemable work effort by one person. Communications 

are defined by information transfer between two or more people. Communications 

are classified as either a request for a deliverable communication, a deliverable 

communication, or an unsolicited communication. To be relevant to our research, 

both communications and activities must be related to one or multiple open project 

tasks. 

A request for a deliverable communication opens a new task. A task is 

defined as all of the activities and communications required to develop a requested 

project deliverable. While many people may contribute information to a task 

through subtasks, a task is the responsibility of one person. A task is only created 

by a request for information between two people. However, a task assignment can 

be either explicit or implicit. An explicit task assignment is created by a request for 



266 

a deliverable from a supertask. An implicit task assignment occurs when someone 

volunteers for a task without any explicit assignment, or when someone has a 

standing task (meeting secretary, vendor contact, etc.). Even if the task is implicit 

there must be a perceived information request. Therefore the task is created by the 

person who the worker perceives as requesting the deliverable. Designers cannot 

open tasks for themselves. Note that the person requesting the deliverable may or 

may not be the person who receives the deliverable. 

A task may generate many requests for deliverables. Each of these requests 

creates a subtask. Both subtasks and supertasks are tasks. "Sub" and "super" only 

indicate the parent child relationship between tasks. This relationship is dependent 

on perspective. A task for the project manager may be a supertask for a designer 

and a task for a designer may be a subtask from the project manager's perspective. 

However, a worker need not be a superior to create a subtask. A subordinate may 

create a task for his superior. We need to capture the task relations regardless of 

company hierarchy. 

Any subdivision of work by one person defines an activity. Activities 

document the work effort required to complete a task. All work effort that is 

attributed to the design project should be parsed into activities. Activities are 

documented by direct observation and interview. Any activity must be related to 

some current task or it is not part of the current project. 
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A task ends when all deliverables are communicated. Deliverables are 

defmed as part or all of the information which was originally requested. 

Deliverables are documented by communication event. One communication which 

contains a deliverable will create a deliverable record regardless of the information 

content. 

A third type of communication takes place when information which was not 

specifically requested is volunteered. This is called an unsolicited communication. 

Unsolicited communications are documented the same way as either request for 

deliverable communications or deliverable communications. 

If anyone notes a relevant communication event which is not accurately 

modeled as either a request for a deliverable, a deliverable, an unsolicited 

communication, or some combination there of, please bring this to my attention so 

that the protocol can be updated. As of this protocol version these are the only 

communication classifications which we are using. 

Communications may be oral or written. The researcher should document 

all of his own communications (written and oral) which are related to his design 

work on the research project. The researcher should also make an effort to obtain 

copies of all written communications which are related to the design project. All 

communications documented by the researcher will be given a date/time stamp as a 

communication document identification number (year.month.day.hour. second). 

This date/time stamp should reflect the time the communication was sent. Each 
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document number must be unique, therefore hours, minutes, and if necessary 

seconds are added to the document number as necessary. 

The information contained within a communication can be either explicit or 

implicit and may have different meanings depending on the sender's or the 

recipient's perspective. This is especially true when a document has multiple 

recipients. The researcher must therefore interpret each communication for each 

perspective. One dataform record will be made for each perspective of a given 

communication. When filling in the dataform the researcher should either capture 

the actual communication interpretation of an interviewee or fill out the fields from 

the perspective being documented. Written information, explicitly contained in the 

communication as observed by the researcher, will be denoted with an asterisk and 

should be contained in the copies of written communications which the researcher 

maintains. 

The researcher has the task of documenting both his own design work effort 

and that of the core design team. This creates an inconsistency between records 

which document the researchers perspective and those which document the 

perspective of the rest of the core design team. This inconsistency is unavoidable 

because we cannot get each team member to document their own perspective. An 

additional complication arises when the researcher is also either the sender or 

receiver of a communication. In these cases it is not practical for the researcher to 

ask for an interpretation of the communication. The researcher cannot ask "this is 
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what you said, now what did you mean?" or "this is what I said, now what did I 

mean?" without damaging his credibility as both a researcher and an engineer. The 

dataform records will therefore be identical unless during an interview it becomes 

apparent that the information in the communication was interpreted differently or 

applied differently than the researcher anticipated. In that case the researcher will 

change the appropriate record to match his understanding of the interpretation or 

application of the communication. The researcher should document every 

perspective of a communication. The researcher should do his best to insure that he 

has captured a given perspective accurately but should not feel bound to record only 

that information which was explicitly stated during an interview. The researcher 

has the authority to document any perspective based on the researcher's knowledge 

of the design project. 

To summarize, each communication which the researcher is made aware of 

and is relevant to the project must be given a document number by the researcher. 

One or multiple dataform records are generated by each documented 

communication. A dataform record is defined by six parameters: 

the sender 

the receiver 

the relevant sender's task 

the relevant receiver's task 
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the source/perspective being documented 

the communication document number 

Therefore for each communication one or multiple records are generated for each 

source/perspective which the researcher documents. The researcher is responsible 

for documenting the perspectives of each of the core design team members. When 

documenting a given perspective, a separate record is made for each of the relevant 

combinations between sender's task and receiver's task. Request for deliverables, 

unsolicited communications, or deliverable communications are all documented 

using the same procedure. 

An activity record is defined by the source/perspective, the relevant task, 

and a date time stamp. The source/perspective is the person who performed the 

activity. The relevant task is the motivation for the activity. The date time stamp 

documents either the completion of the activity or the date of the interview. An 

ongoing effort will be made to establish and maintain a list of activities. 

I leave the exact format and question content of an interview up to the 

researcher, however researchers should feel free to discuss interview problems with 

me. I would like to work with the researcher to improve the interview process. I 

feel that it is not practical for me to defme a strict interview procedure. I think that 

a strict interview format will become monotonous, reduce our credibility with the 

core team members, and add overhead to the interview process. Because the 

researcher is also a member of the design team, often the researcher will only need 
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to ask a few key questions in order to document a perspective/source for a 

communication. I leave it to the researcher to decide how much additional 

information he requires to document a communication or activity. 

I expect the researcher to have a general knowledge of all tasks performed 

by the core design team members. The researcher should ask the questions 

necessary to maintain a knowledge of each team members task assignments (what 

tasks are you working on?). During an interview I expect the researcher to ask 

questions which will identify any relevant communications made since the last 

interview (any communication? If so, related to which tasks?). The researcher 

should also ask about activities work (what have you been doing to complete your 

tasks since our last interview?). 

So far I have not mentioned meetings. This is because I wanted to establish 

the basic data collection frame work before I explained how it will be applied to 

meetings. I believe that a meeting should be treated as a single communication 

event. It is impossible to capture all of the individual communications which take 

place during a meeting, therefore the researcher should not try. Instead, the 

researcher should give the meeting a document number and treat it as one large 

communication. Each person's perspective of the meeting will be documented. 

This does not mean that each person will be questioned extensively about what they 

thought happened at the meeting. Just like any other communication, meetings 

only create a record when they have a task relation. All six fields which define a 
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record apply to meeting the same as any other communication. As with any other 

communication the researcher is free to document perspectives and conduct 

interviews as he sees fit. The goal is to establish what information which was 

communicated during the meeting is related to what task, not to document the 

meeting itself. 

In addition to documenting communications and activities, the researcher is 

responsible for documenting the organizational and accounting structures of the 

partner company or division. The researcher should develop a company 

information table. As part of the company information table the researcher should 

construct a management hierarchy tree of all employees who have been noted in the 

research. This tree should be maintained over the course of the research to capture 

any changes in personnel or responsibilities. Specifically, for each employee of the 

partner company who is noted in the research, the researcher should record: 

the employee's name 

the employee's title/position 

the responsibilities of the position 

the number of years of experience in the position 

the total number of years with the company 

the employee's discipline 

all positions/people who the employee answers to directly 

all positions/people who answer directly to the employee 
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Separate hierarchy trees should be maintained for both project organization and 

company organization if the researcher notes a significant difference. 

The researcher should also document the accounting procedures of the 

partner company. This will vary between companies. The ultimate goal is to 

determine the cost of each deliverable. To calculate an accurate estimate of 

deliverable costs, the researcher will develop an hourly rate for all members of the 

core design team. In addition the researcher will develop an overhead rate for 

general resources. General resources will likely consist of office space, secretarial 

services, personal computers, etc. The researcher should define the general 

resources base on the work environment. General resources amount to the fixed 

overhead costs which must be absorbed by all projects. The researcher will also 

need to track project specific resources. The existing accounting procedures should 

be noted and an hourly rate developed for project specific resources on a case by 

case basis. Project specific resources may consist of mockup/prototype costs, 

testing costs, computer software or hardware costs which are project specific and 

not considered a general upgrade, consultant costs, etc. 

The researcher has the authority to define all hourly rates and define both 

general and project specific resources. However, the researcher should, to the 

extent possible, base all rates and definitions on existing accounting procedures. If 

existing accounting procedures are inadequate, or the researcher cannot attain 

access to actual accounting data, the researcher should develop reasonable estimates 
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for any documented costs. The researcher should document all assumptions and 

bring them to the attention of the project manager and principal investigator. 

As part of documenting the partner company, the researcher should review 

and document the existing product development process. The goal of this review is 

to make an SEI process maturity estimate of the partner companies existing product 

development process. 

The researcher should develop a supplier information table to document all 

venders with a documented connection to the research project. For each vendor 

which is noted, the researcher should record: 

the vendors name 

the industry type 

the contact's name 

the contact's position 

The researcher is responsible for maintaining a copy of all research work for 

which he is responsible. The researcher should make whatever backups are 

necessary to insure against a data loss. In addition the researcher should update his 

data on the metrics drive (J:) weekly. Updates should be placed in a project 

specific subdirectory which contains only project data. I suggest that Mark create a 

directory called markdata and Jack create a directory called jackdata. The 

researcher should not consider the data on the metrics drive as a backup. 
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Additional backups will be maintained at OSU but these do not absolve the 

researcher's responsibility for maintaining a copy of all his own research work. 

We need to stay informed about each of the projects because we will be 

using the data we collect as a group (or at least some subgroup of the metrics team 

will use the data). This is especially critical for Professor Ullman and myself. I 

request that each researcher write one report per month. This report should contain 

information on the actual project and project progress, as well as addressing any 

research issues. In addition, I would like a report whenever the nature of the 

researcher's position on the design team changes. For instance, if the researcher 

changes jobs from design to manufacturing, or from hardware design to software 

design, or changes projects entirely, there may be significant repercussions for the 

research. 
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Appendix C: Data Entry Form 

Appendix C contains the data entry form which was used to enter the design 

process communication data into the data base. The data base and this form were 

designed by Mike Bristol in collaboration with the rest of the research team which 

consisted of: Alan Wright, Mark Lindley, Vaidhy Kumar, Jack Muranami, and 

David Uliman. The data form has two parts. Part I is devoted to tracking the 

information path and part 2 is devoted to capturing the information content. 

Definitions of the dataform fields, lists, and additional tables are contained in 

appendix D. 
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NSF Metrics Data Entry Form (ver 3.0) 
Communications 

Part 1 provides a record of the communication 
Part 2 records the information that is communicated. 

Part 1. Communication Reference: 

Receiver 
(Loo4cup Table) 

ITasicEffected: I 

joolcup Table) 

Feature/AssemlPart: 
kup Table) 

-A 

-;-. ..., 
Date 

IIc0h1oh1  

vtethodof 
Iformation: 
hsourceot -

ollection 

C'nmments  

Part 2: Information Communicated:  
Enter all applicable information that was communicated in the above exchange.  

t!e0n1Ta9j 
astc Name ..----------------.------
ask TypeLtTl e) _______l_4 

.- .-- _  
hii - 

OpbonsStart Date ] Jnd Date 
- ¶  

dditjonal i'i11 Task PlannerJfljcT 
L-_-- _  

... ---,---

Figure C. 1. Data entry form page 1 
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Secbon3Requurements 

purecllorljItatis: 
ement Name:  
up Table)  
- --. --rr- --------- 'w', --------' - 

ement Desciipt 

eguirement Type: Source of 
---T --------------------------------- --:-- -- JRequirement: 

KeyCharacteristic:Y/N -.-:;--:-
-;_, ------ ---: 

-.  

Figure C.2. Data entry form page 2 
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ue Name  
ook up Table)  

ue Descript: 

of Issue: j 
of Action

easonipen: 

ecton 7 Miscellaneous 

DescrItKDn of Info 

nto Type 

Figure C.3. Data entry form page 3 
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Appendix D: Dataform Definitions 

Appendix D contains the defmitions for the fields of the data entry form. 

Appendix D also contains the definitions of the data entry lists which were 

maintained to facilitate consistency in the data collection during the project. 

Finally, the definitions of the additional tables of information which were assumed 

to remain static during the project are also contained in appendix D. These 

documents were authored by Mark Lindley in collaboration with the rest of the 

research team which consisted of: Alan Wright, Mike Bristol, Vaidhy Kumar, Jack 

Muranami, and David Ullman. 
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M. Lindley/metrics/1 JUN97 
DATAFORM DEFINITIONS 

Section 1: TASK DEFINITION: The task defmition is the information about the 
design issue to be resolved and the person who is responsible 

1.1 Doc #: Time stamp used as the unique document identification number assigned 
by a PDM system. 

Field: numeric format <year.month.day.hour.min. sec>. 

1 .2Comm Form: Form of communication used to convey information about the task. 
Field: select from list 

1 .3From: Name or position of persons initiating the communication 
Field: list 

1 .4To: Name or position of person receiving the communication 
Field: list 

l.5Task Name: A short description of the design issue to resolved 
Field: narrative 

1 .6Task Type: A category of the work 
Field: select from list 

1 .7Supertask!Source: Given name of parent task or source which created this task. 
Field: select from previous Task Names list 

* Section 2: TASK ASSIGNMENT: The task assignment is the information 
concerning the planning of the task. Each field below in this section has 
an entry for planned(odd) or actual (even). 

2.1/2.2Date Begun: Date that a task was started. 
Field: date <year.month.day> 

2.312.4Date Ended: Date task was completed 
Field: date <year.month.day> 

2.712.8Workers#: Name or position of person assigned to actually compete this 
task. 

Field: list 

2.9/2.lOTask Planner: Name or position of person who is responsible for planning the 
method to be used in completing the task and producing a 
deliverable. 
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Field: list 

2.1 lOptions Considered: Number of methods considered before selecting one to 
complete the task 

Field: number 

* Section 3: TASK ACTIVITIES: Description of the activities used to accomplish this 
task 

3.lType: Description of activities conducted to complete the task. 
Field: Select from list 

3.2Evaluation Method#: Type of engineering tools used in completing the task. 
Field: select from list 

3.3Technology readiness: Are the technologies known, proven and available? 
Field: list (Yes/No) 

3.4Technology capable: Is person assigned experienced and capable? 
Field: list 

* Section 4: TASK CREATION: create a new task for each deliverable 
4.1 Label: Descriptive name of task generated by parent task 
Field: list 

4.2Deliverable#: Description of the deliverable to be provided by this subtask. 
Field: narrative 

4.3Requestee: Person to whom the request was made. 
Field: list 

4.4Date of request: Date that the task was made to the requestee. 
Field: date 

4.5Delivery date: Date that the task should be completed. 
Field: date 

4.6Date received: Date that the task deliverable was actually received. 
Field: date 

*Sectjon 5: TASK DELIVERABLES The task deliverables are solutions to the task. 
The deliverables can be planned(odd) or actual(even). 

5.115.2Type: Descriptive name of deliverable 
Field: select from list 
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5.3/5.4Sign offTh Name or position of person who is responsible to determine whether 
the deliverables of this task adequately satisfy the request. 

Field: narrative 

5.5/5.6Knowledge: Task owners evaluation of how knowledgeable he/she is about the 
task. 

Field: select from list 

5.7/5. 8Confidence: Task owners evaluation of how well the deliverable meets the 
request. 

Field: select from list 

5.9/5.lOCost of resources: Amount of physical resources consumed to develop 
deliverable. 

Field: dollars 

5.11/5.l2Man-hours: Amount of time for task owner to develop deliverable. 
Field: time <hours> 

5.1 3Resource#: Primary physical resource used to develop deliverable 
Field: select from list or narrative (list: hardware, software, consultants) 

5.1 4lnformation used#: Information used by task as criteria for decision 
Field: list 

5.1 SVendor#: Name of vendors used to complete task 
Field: list 

5.l6Product Material Cost: Designed cost of a specific part. 
Field: dollars <$> (either $ ea. or % of total) 

* Section 6: TASK REQUIREMENTS constraints on the solution or limitations which 
will effect the deliverable of this task or on the relationship with another 
task. The requirements can be planned(odd) or actual(even). 

6. 1/6.2Type: Type of requirement 
Field: select from list or narrative 

6.3/6.4Requirement: Description of the requirement. 
Field: narrative 

6.5/6.6Task Relationship: Name of other task to which relation applies 
Field: select from list 
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6.7/6.8Key Characteristics: Primary constraint or requirement identified as being 
essential to the success of the project. 

Field: YES/NO 

6.9/6.10 Source: Source of the requirement. 
Field: list 

Section 7: Unsolicited Information: Information concerning the design project that are 
proposed to the worker of the task by other sources. 

7.1 Information description: Description of the information 
Field: narrative 

7.2 Info Type: Type of information provided 
Field: list 

7.3 Source: Source of the alternative 
Field: list 

Section 8: Open Issues. Open issues are areas of concern in the design project that are 
not acted upon. 

8.11ssue: An identified area of concern to the design project. 
Field: list 

8.2Source Source of the issue 
Field: list 

8.3Reason: Reason that no action was taken on the issue. 
Field: list 

Section 9: Researcher Information: Additional information deemed important by the 
researcher. 

9.1 Date: Date of data collection 
Field date 

9.2Method: method of data collection 
Field: list 

9.3Comments: any pertinent comment. 
Field: narrative 
* = multiple records possible 
# = multiple fields possible 

http:6.9/6.10
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M. Lindley/metrics/13Jun97 LISTS 

PART 1. Communication Reference: 
Sender 

list of team members 
Receiver 

list of team members 
Form of Communication 

Verbal order Fax 
Email Phone call 
Verbal discussion Drawing 

Source of Information 
list of team members 

Method of Collection 
verbal interview posted schedule 
email archive 

PART 2: Information Communicated 
Section 1 Task Creation 
Status: 

Change New 
Canceled 

Task Types 
Design issues 

Developing engineering specifications 
Product design 
Developing Mfg'ing process 

Management (planning) issues 
Project planning/scheduling 
Administration 

Task Planner 
list of team members 

Section 2 Resource Management 
Status: 

Change New 
Canceled 

Resource Tvne 
Money People 
Time Materials 

Section 3: Requirements: 
Status: 

Change New 
Canceled 

Memo/letter 
Physical hardware 
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Reauirement Tvoes 
Functional performance 

Flow of energy Flow of information 
Flow of materials Operational steps 
Operation sequence 

Human factors 
Appearance Force and motion control 
Ease of controlling and sensing state 

Physical 
Available spatial envelope Physical properties 

Reliability 
MTBF Safety (hazard assessment) 

Life-cycle concerns 
Distribution Maintainability 
Diagnosability Testability 
Repairability Cleanability 
Insatiability Retirement 

Resource concerns 
Time cost 
Capital Unit 
Equipment Standards 
Environment Manpower 
Vendor support 

Manufacturing 
Materials Quantity 
Company capabilities 

Section 4: Task Deliverables: 
Status: 

Change New 
Canceled 

Deliverable Type: 
Bill of Materials Dimension material characteristic 
mfg process Report change request 
Sketch Layout dwg Detail dwg 
Assembly dwg 

Sign off or Deliverable Receiver 
list of team members 

Section 5: Open Issues 
Issue Type 

Same as task types 
Source 

list of task 
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Course of Actionl Reasons 
lack of knowledge about problem 
cost restriction 
time restriction 
no reason 
no performance impact 
directed by superior 
forgotten 

Section 6: PDP/ PDM Planning 
Status: 

Change New 
Canceled 

Reason for Change 
Changed Req. Change in management commitment 
Budget Department outside Engineering (ie Marketing) 

Section 7: Activities 
Activity Type: 

Project Planning: 
Allocate personnel Generate PDP 
Assess technology readiness Budget cost 
Budget time Budget of key characteristic 

Developing Engineering Specifications: 
understand the problem develop customer requirements 
assess the competition generate engineering 
requirements 
retrieve information consult with other task 
consult with vendor 
establish engineering targets 

Product Designing 
layout design generating concepts 
analyze design testing 
test evaluation analytical simulation 
process ECN's estimate cost 
make prototype select materials 
experimental testing 

Developing Mfg'ing process 
estimate tooling cost design tooling 
select tooling select MFG process 

Administrating: 
documentation review the design 
applying for patent Liaison with the customer 
train users QA 
QC. 
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Evaluation methods 
Time/Cost analysis DFA QFD 
Pugh's method Taguchi Robust Design 
Cost comparison DOE 
If-then Ad-hoc EDSS 

Section 8: Miscellaneous: 
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ADDITIONAL TABLES 
(information is assumed to be constant throughout the design project) 

Comnanv Information Table 
Company organization 

mgmt tree/# of engineers/# of mfg eng/# of workers! 
Accounting 

hrly labor rate/hrly facility rate/overhead rate/annual sales! 
Personnel 

Name/PositionlYrs experience! 
Process maturity 

Yrs with same process! 

Supplier Information Table 
Vendor organization 

vendor name/industry type/contact name/contact position! 
Vendor mgmt 

$% of total product supplied/process maturity level! 
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Appendix E: Information Flow During a Design Project 

Appendix E contains a graphical representation of the flow of 

information for one of the research projects which was documented. This 

document was authored by Mike Bristol in collaboration with Alan Wright. 

The scale on the left is the project time line calibrated by year. 

month. day. The people whose communications were recorded are listed across the 

top. Initially Jim York, Mark Lindley and an unnamed team member were the only 

persons working on the project. Later they were joined by Marc L, Darrel F, 

Wayne L, Mabuchi, Dean, McMaster Can, Maxon, and Stock Drive. Note that 

some of the team members are suppliers. The tasks which each team member is 

working on are represented by a vertical line below the team members name. The 

task lines are numbered and a legend is included. The calendar time during which a 

particular task was open can be determined by comparing the task line with the 

project time line. A diamond on a task line represents a request for a deliverable. 

All task lines should start with a diamond and many do, however, the request for a 

deliverable which opened some tasks was not recorded. These tasks already existed 

when data collection started on 97.06.24. In general tasks should end when the last 

requested deliverable is communicated. Deliverables are represented by open 

circles. This can be seen in tasks 9 and 15 where a request for deliverable, 

represented by a diamond, opens the task and later the deliverable which satisfies 

http:97.06.24
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the request is produced, represented by an open circle. Communications are 

represented by arrows. Arrows are curved to make the drawing more readable but 

both straight and curved arrows represent communications. Notice that many 

arrows are double headed indicating that communication flowed in both directions. 

Solid round dots indicate unsolicited communications where one person thought 

that another person needed to be aware of some information or where one person 

need information from another person which could be provided readily during the 

communication event without opening a new task. Task lines which end without a 

deliverable were dropped due to changing priorities and poor organization. The 

information content of each communication is contained in the database. 
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8) PlC External Interface Design 
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12) Display stand for 3pt lock 
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20) Purchase Gearhead 
21) Purchase e Clips 
22) Purchase worm Gear Set 
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97. 07.08 
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Figure E. 1. Flow of information during a design project. 




