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ABSTRACT 

Iteration in design has different meanings, ranging from simple task repetition to 
heuristic reasoning processes.  Determining productive iterations is important to improve 
the design process on cost, time, and quality, but currently there is no categorization of 
iterations conducive to this goal.  After exploring the possible causes and attempts to 
address them, I propose to classify iterations as rework, design, or behavioral.  The 
framework suggests that design teams, to improve productivity, should try to eliminate 
rework by increasing the resolution of design information (design iterations) without 
skipping design levels and by developing alternative solutions (behavioral iterations) in 
parallel before selecting one. 
 

Analysis of journal data from twelve student projects helps identify design processes 
that achieve higher quality in less time.  Factor analysis groups common variability into 
factors.  A multivariate linear regression model of three factors explains 91% of 
productivity variance within the study sample.  Factor scoring coefficients are then used 
to translate the regression model coefficients back to activities and design levels.   
Results indicate that generating ideas and defining the problem at a system level are the 
key discriminating variables between more or less productive design teams in the sample, 
which supports the recommendation of increasing the resolution of design information 
without skipping intermediate levels. 

 
If we consider selecting an alternative for the final solution as the main design 

decision students make in the sample projects, then work on non-selected alternatives 
before selecting the final design can be used as a proxy for effort allocated to behavioral 
iterations.  A linear model using work on non-selected alternatives shows that generating 
ideas at a system level relates to higher productivity while refining design details and 
evaluating existing design configurations associate with lower productivity.  Then 
behavioral iteration relates to higher productivity only if alternatives are developed to the 
system level by generating ideas on how to address interface and configuration issues.   

 
The framework presented in this thesis helps differentiate between productive and 

less productive iteration patterns and provides guidelines to prevent rework by allocating 
more effort in productive iteration, namely behavioral and design iteration.  
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CHAPTER 1 

INTRODUCTION 

One of the most common assumptions regarding engineering design is its iterative 

nature.  Definitions of iteration vary greatly in the engineering design literature, but one 

of the most common interpretations defines iteration as the repetition of design activity.  

Brainstorming ideas, evaluating alternatives, and dimensioning drawings are all examples 

of design activity.   The notion of repeating such activities connotes a feeling of lack of 

progress, tediousness, a grueling process of doing something over and over.  Such notions 

would seem inconsistent with a creative process such as design. 

How can design then be iterative in nature and a creative process at the same time?  

One answer may be that we are missing an approach to identify activity repetitions that 

are positive, creative, and productive, from iterations that merely reflect the grueling 

process of fixing errors to make an idea work.  There seems to be a gap in engineering 

design literature in this respect that might contain a potentially useful source of 

improvement in engineering design practice and teaching. 

A general framework to identify different iteration types may help bridge the gap.  

The framework should address which iterations are productive and which ones are not, 

and how they relate to each other.  In addition, it should define each iteration type to get a 

sense of how these iterations could be identified in real design processes, and whether the 

occurrence of these iterations is a valid indicator of more productive design strategies. 
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Such a framework is the subject of this thesis, which builds upon an ongoing research 

effort directed by Dr. Sobek that attempts to better understand the role process plays in 

engineering student design and sets its aims at improving design learning and teaching.  

The scope of the overall research effort is multidisciplinary and involves the main design 

experience engineering students receive before entering the labor market, referred to as 

capstone design courses (Sobek, 2002).  The present thesis explores the relation between 

certain design process attributes and design productivity as an outcome through an 

iteration framework (Costa and Sobek, 2003, 2004). 

The ability to recognize more productive iterations is important because product 

development organizations are under increasing pressure to provide innovative products 

at a lower cost in shorter time.  However, to simultaneously increase quality and 

throughput while reducing cost requires a better understanding of the underlying 

principles of design, such as the role of iteration.  Also, from an educational standpoint, a 

deeper understanding of the design process will enable educators to better equip 

engineering graduates to work productively and thereby supply industry with more 

capable designers. 

An Iteration Framework 

As a possible means to fill the aforementioned gap in the literature, this thesis 

presents a framework that separates productive and less productive iterations.  Iterations 

that are less productive are termed rework, and they include repeated patterns of activity 
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that produce little progress towards a completed design.  Progress is charted on two 

dimensions: the object of the activity and the level of detail.  The object of the activity 

includes alternatives explored before selecting a final design, sub-problems, and different 

sets of constraints.  The level of detail refers to whether the activity is performed from a 

more conceptual standpoint or deals with the final details needed to complete a design, 

such as dimensioning drawings, setting tolerances, or material selection.  Any activity 

repetition that contributes to the design in terms of exploration of alternatives or sub-

problems, or in progression towards a detailed design could be classified in two distinct 

iteration types.  

Repeated patterns of activity that involve work towards a fully detailed design are 

termed design iterations, as they provide further design details to the final solution.  On 

the other hand, iterations that explore alternatives, sub-problems, or different sets of 

constraints, are termed behavioral iteration because the designer’s behavior, composed of 

activity and level of detail, repeats but on a different object.  Thus, the framework 

delineates three types of iteration: rework (repeated activity that changes neither design 

level nor scope), design iteration (repeated patterns of activity at a different design level), 

and behavioral (repeated patterns of activity on different problem scopes) (Costa and 

Sobek 2003).   

The iteration framework, combined with insights from engineering design literature 

that address alternative exploration and selection timing, as well as level of detail 

explored before the decision is made (Sobek, Ward, Liker 1999; Busby, Lloyd 1999), 

provides some guidelines to reduce overall design time for a given quality level – which 
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translates to higher productivity.  First, rework iteration should be reduced or eliminated, 

which requires an approach that deems rework unnecessary.  The framework implies that 

specific applications of behavioral and design iterations might relate to higher 

productivity processes.  It seems that, to avoid rework, design iterations need to be 

performed without skipping intermediate design levels.  Also, behavioral iterations need 

to be performed on alternative designs before selecting one as final.  As a preliminary 

validation of the framework, data from student engineering design projects were 

statistically analyzed to determine whether these propositions have validity; specifically, 

whether the iteration types relate to design productivity. 

Empirical Validation 

Design journals were reintroduced in 2000 as a required deliverable for all 

mechanical engineering seniors enrolled in the capstone design course at Montana State 

University.  These journals are paper notebooks in which students annotate their design 

activity in real time.  Students are guided in the technique of journaling but not 

conditioned towards specific contents to avoid a possible source of bias.  The journals 

serve then as a teaching tool and as a data source for this research effort.  They provide a 

rich source of data that can be used to validate the proposed theoretical framework. 

To extract the data, the journals are coded using a specifically designed rubric that 

captures the activity and the level of detail in which the activity occurs (Sobek, 2002).  

Since 2000, more than 40 student design journals have thus been coded, from which this 
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thesis draws its data sample.  The coding rubric identifies four activities and three levels 

of detail, referred to as design levels.  Activities include problem definition, idea 

generation, engineering analysis, and design refinement.  Other non-design activities are 

also coded under report writing, project management, or project presentation, but not 

considered in the data for the thesis.  Design levels are concept, system, and detail, with 

system involving the configuration of the solution and the interfaces between different 

components of the design.  A third attribute was considered for this thesis in order to 

capture the second dimension in which the design can evolve: scope, or the object of 

design activity.  Alternatives explored that were not selected as part of the final design 

provided the workable definition of scope used to extract data from the design journals.   

Students also recorded in their journals the time spent per entry, which means the 

amount of time per coded activity is available for analysis.  The percent weekly time 

spent per activity at each design level provides a measure of effort allocation that can be 

used as an indirect measure of design iteration from which to detect patterns in design 

level change.  These patterns are characterized by conceptual activities during the first 

few weeks of the project, and detail analysis dominating most of the second half of the 

project.  System level design appears sparsely, mostly in a timeframe between the 

conceptual and detail dominated periods, which indicates a main change in design level 

from conceptual to detail work in which system level work does play an intermediate, 

transitional role.  Analysis will indicate whether effort allocated at this intermediate 

system level work relates to higher productivity.  If so, it would provide some empirical 

evidence that design iteration characterizes more productive design processes.   
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To investigate behavioral iterations, the percent time spent only on work done on 

design alternatives that were not selected as the final concept was analyzed.  To 

determine which alternative corresponds to the final design, the data was visually 

inspected to see which alternative appears alone after a certain point, which corresponds 

to the alternative selection milestone.   Work on non-selected alternatives appears by 

definition mainly before this milestone and constitutes work done on a scope different 

than the final alternative.  If effort allocated to these non-selected alternatives relates to 

more productive design teams, then the data would provide some evidence that 

performing behavioral iteration before concept selection is a productive use of designer 

time and effort.   

These techniques used a measure of productivity derived from previous work on 

design quality as the dependent variable.  A customer satisfaction questionnaire was 

developed and deployed for projects to measure client satisfaction.  Also, for the same 

sample of projects, practicing engineers were given a copy of the final report and asked to 

evaluate the overall goodness of the designed solution along five dimensions (Jain, 2003).  

To obtain a measure of productivity for the thesis, the scores each project received for 

client satisfaction and from the external evaluation were averaged and then divided by the 

total design time for the team.  

The specific research questions, then, that form the focus of this thesis are:  

• Are design iterations productive if system level design is not skipped?   

• Does exploring alternatives before selecting one as the final design, i.e., 

performing behavioral iterations, relate to higher productivity?   
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• Were the more productive teams in the sample exploiting the advantages of 

these two types of iteration?   

• Did the more productive teams also have less rework?   

The analysis performed to answer these questions consists mainly of statistical linear 

models: multiple linear regression and factor analysis.  Factor analysis projects the data 

points onto a set of coordinates defined by the principal components, which are oriented 

to maximize explanation of common variance among variables.  The analysis outputs 

factor scores for each of the projects in the sample, which are independent and based on 

the variance common to at least two variables. The factor scores can then be used as 

explanatory variables instead of the original variable set.  Also, some ranking techniques 

were used in specific instances.   

Thesis Overview 

The following pages present the results of this work.  Chapter 2 first presents an 

overview of iteration in engineering design with special emphasis on definitions, causes, 

and means to minimize their impact found in the literature, as well as the framework to 

help identify necessary from unnecessary iterations.  Chapters 3 and 4 then present an 

overview of the research methodology and the framework’s preliminary empirical 

validation.  Chapters 5 and 6 present the analysis on design and behavioral iterations 

respectively, and how they support the framework’s implications for more productive 

iteration.  Analysis results are then discussed in reference to project phases in Chapter 7.  
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The thesis concludes with a recommended effort allocation strategy for capstone design 

projects.   

In summary, this thesis presents a framework to identify which iteration patterns are 

productive and which ones are not, and a series of implications that, with some empirical 

support, lead to recommendations on how to leverage productive iteration types to reduce 

the need to rework.  
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CHAPTER 2 

ITERATION IN ENGINEERING DESIGN 

Iteration, as a process attribute, is a term frequently used to describe design.  It is 

commonly accepted that design is iterative in nature, but what do we mean by iteration?  

And if we are not completely sure of what iteration is, could we iterate more than 

needed? Can we reduce engineering time by identifying unnecessary iterations and 

eliminating their root cause, or by performing some iterations in parallel rather than 

sequentially?  Exploring the nature of iteration and identifying its causes and proposed 

countermeasures may help improve design methods because iterations shape the 

outcomes of design in terms of cost, time, and quality.   

After reviewing definitions and causes of iteration from the literature, I conclude that 

a need exists for a new categorization of iterations that helps answer the question of need.  

Is all iteration inevitable, or can some of it be avoided using different design strategies?  

Does the nature of different instances of iteration suggest new and more effective 

approaches to design problems?   

The pages that follow briefly summarize current definitions of iteration extant in the 

design theory literature, and discuss the causes of iteration with approaches to minimize 

its negative impact.  Subsequent sections present an iteration framework to help identify 

productive from wasteful iterations and the research methodology that provides some 

empirical support for the iteration framework. 
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Definitions of Iteration 

A common approach in the literature is to consider iteration as repeating design 

activity (Fig. 1).  For example, Ulrich and Eppinger (2000) formally define iteration as 

repeating an already completed task to incorporate new information (such as performing 

finite element analysis followed by design revision, then repeating the analysis on the 

revised design).   

 

 

Figure 1. Hypothetical Activity Repetition Cycle. 

 

A second approach defines iterations more broadly as a heuristic reasoning process.  

Adams and Atman (1999), for example, describe a broad cycle of gathering information, 

processing that information, identifying possible design revisions, and executing those 

revisions in pursuit of a goal.   Adams and Atman’s perspective of iteration is less 

concerned with repeating design activity, and more focused on the thought process that 

Problem 
Definition 

Idea 
Generation 

Design 
Refinement 

Engineering 
Analysis 
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justifies the need to perform the activity in the first place.  Further expanding this 

definition, Ullman, Wood, and Craig (as cited in (Adams, Atman 2000)), define iterations 

as the cognitive processes that the designer uses when performing activities that change 

the design state.  Emphasis is on how the designer reasons about the design, as opposed 

to how she performs specific activities.  Thus, definitions of iteration focus on designer 

behavior and range from the repetition of activities to more abstract patterns of designer 

behavior. 

Based on these definitions researchers have developed taxonomies for iteration to 

help better understand the nature of the phenomenon.  For instance, in conjunction with 

the designer behavioral definitions of iteration, Adams and Atman (2000) differentiate 

between diagnostic iterations that define and evaluate design tasks, and transformative 

iterations that synthesize new information.   Other approaches classify iterations based on 

information/task interdependence, such as Smith and Eppinger’s sequential (1997b) 

versus parallel iterations (1997a), or Denker, Steward, and Browning’s (2001) 

interdependent task cycles.  

The definitions undoubtedly help understand different aspects related to iteration. 

But, at the same time, they also increase the meanings associated with the term and 

potentially transform it into an umbrella for all necessary and unnecessary, value-adding 

and wasteful, iterations.  Further, because these definitions and categories were 

attempting to answer other questions, they contribute to the understanding of iteration but 

do not seem conclusive on the need to iterate.   
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A common implicit assumption in these definitions is that iteration is unavoidable and 

should be planned into design processes even though there are some drawbacks, such as 

increased development time.  Iteration, it seems, is seen as a necessary evil in design and 

is not challenged.  Such a perspective may systematize inefficiencies associated with 

unnecessary iterations.    

An important assumption made in some definitions is sequential decision-making 

(Smith and Eppinger 1997a,b; Denker, Steward, Browning 2001). For instance, parallel 

iterations do not indicate simultaneous iterations, but rather simultaneous execution of 

interdependent or dependent tasks that influence each other’s inputs and thus generate 

task repetition.  Both the sequential and parallel categories assume sequential decision-

making.  In dealing with information interdependency, Denker et al. (2001) propose 

breaking the interdependency cycle by assuming a value for a parameter and then 

sequentially repeating the dependent tasks alternately until reaching a final value for the 

different task outputs.  It is important to note this since sequential decision-making is one 

of the key inducers to iteration (Krishnan, Eppinger, Whitney 1997). 

Causes of Iteration 

The causes of design iteration stem from two sources: information characteristics and 

design process.  Certain characteristics of information have been found to influence 

iteration, such as:  

• New information that surfaces during design (Ulrich, Eppinger 2000), 
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• Stability or probability to change and information precision (Terwiesch, Loch, De 

Meyer 2002), 

• Information interdependency that results in interdependent tasks (Denker, 

Steward, Browning 2001), 

• Information overload due to human bounded rationality or cognitive limitations 

that do not allow a designer to consider all design details at once (March, Simon 

1958), and  

• Information that is wrong due to design error – the most obvious source of 

rework. 

The bounded rationality argument for iteration is particularly interesting.  Cognitive 

limitations do not allow human designers to process all relevant information at a detail 

level means that designers must iterate through different design levels–one cannot 

determine how to get to L.A. and to a specific address within it at the same time because 

of the different levels of detail needed.  As Ullman (as quoted in Ball, Evans, Dennis 

1994) indicates, it is necessary to develop solutions at different design levels because the 

alternative solutions are too complex for human cognition to cope with at a detail level.  

Similarly, designers often differentiate the design scope to make the design manageable 

by breaking it up into sub-problems and then performing similar sets of design tasks on 

each of them.  Also, designers’ understanding of the problem can co-evolve with the 

solution which can trigger changes in the (sub)problem definitions.  With each change in 

problem definition, designers must usually repeat a set of tasks (i.e., iterate).  
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Iteration can also occur due to characteristics inherent in the design process.  Some 

design processes can result in a good deal of iteration because they impose a sequential 

decision-making approach, as in communicating information that is precise but unstable 

(Krishnan, Eppinger, Whitney 1995).  Or, the design team may take a depth-first 

approach characterized by diving into the details of the design early in the process and 

resolving interface issues as they arise at the detailed level (Ball, Evans, Dennis 1994).  

Iteration can also result from not developing the system’s architecture before diving into 

details, or by planning design activities without taking into account information 

dependencies and interdependencies. 

A Framework of Productive versus Non-productive Iteration 

The definitions of iteration are helpful in better understanding iteration in engineering 

design, but do not help in distinguishing between productive and non-productive 

iterations.  The discussion above on the causes of iteration suggests that some iteration is 

“necessary” in that it is inherent to design work; for example, the need to work on 

different design levels, or iteration resulting from increased depth of understanding of the 

design problem.  However, some iteration would appear to be “avoidable” because, in 

theory, actions could be taken to reduce or eliminate it; for example, iteration due to 

lapses in judgment or systemic issues such as a flawed design process.  It seems that 

identifying iterations that are inherent in design would be the first step to eliminate 

unnecessary iterations. 
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If we define iteration as the repetition of an activity, it is possible to develop three 

iteration types based on whether the design level or the problem scope change, as shown 

in Table 1.  The three iteration types differ in the manner in which they contribute, or not, 

to design completion.  Design iterations progress the design in terms of level of detail, 

while behavioral iterations progress the design in terms of scope of problem being 

addressed.  I consider both these types of iteration potentially productive. Rework 

iteration is repetition of activity that does not move the design closer to completion 

because neither of the attributes changes—the designer repeats a set of tasks on exactly 

the same problem scope at precisely the same level of detail as an earlier effort.  Most 

would not consider this a productive use of time. 

Table 1. Iteration Type Defined by Design Process Attributes Compared to First Task 
Performance. 

 Design Process Attributes 

Iteration Type Activity Design Level Scope 
Rework Repeats Same Same 
Design Repeats Changes Same 
Behavioral Repeats Same Changes 

 

To better understand the definitions of these iteration types, and what the process 

attributes mean, the following paragraphs describe instances of each iteration type, 

starting with rework iteration (repeating an activity at the same design level on the same 

object or scope).  The most common reason for repeating an activity at the same scope 

and design level is to correct an error.  For instance, when in 1996 the European Space 

Agency reused software from Ariane 4 in the Ariane 5 project, an undetected design error 

resulted in the loss of the rocket plus the half a dozen commercial communications 
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satellites it was supposed to set in orbit (Press release from the European Space Agency’s 

Inquiry Board). The design work to replace the rocket would be considered rework 

iteration because neither scope (same mission) nor design level (a working control 

software) has changed; yet the design task was repeated. 

Rework iteration should change the design state in the same manner in the second 

task execution as it did in the first, so if a designer executes the activities correctly, there 

is no need for this type of iteration.  Rework iteration, then, should receive the same 

treatment as errors that produce defects in a manufacturing environment would receive: 

their causes should be prevented or detected at the source so errors do not become 

defects, or in this case iterations that cost money (Shingo, 1992).   

However, if the activity’s design level is not the same as in the first execution, then 

we consider this a sign of design iteration, because as activity progresses through design 

levels (Adams, Atman 1999) the design evolves toward the desired final state.  As an 

analogy, consider the problem of finding directions to a specific address in Los Angeles.  

Consulting a map of the U.S. will provide information on L.A.’s location, but is not very 

helpful for finding directions within the city.  Repeating the activity (looking for 

directions) at a lower design level, or from a lower height for this analogy, will provide 

different information useful to find the address of interest.  An L.A. street map will 

ultimately help reach the address, but it will be of no use if we do not know where L.A. 

is.  Similarly, design iteration repeats activities to generate meaningful information at 

different design levels.  Design iteration indicates the designer is progressing through 

design levels, defining and refining a solution while moving from the initial concepts to a 
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detailed final design.  The activities repeat on the same scope, but task content differs 

significantly as it carries the solution to a different resolution level.   

Finally, behavioral iteration means proceeding through the same activity at the same 

design level, but applied to a different scope.  In other words, the behavior repeats but on 

a different (sub)problem.  Designers often divide a problem into pieces and proceed with 

a similar pattern of design activity performed on each of the subdivisions as object.  For 

example, if a team works on the design of a vehicle’s power train system while a 

different team develops the air conditioning system, the teams may perform similar 

design activities but on different scopes.  It is especially important when the scopes 

correspond to alternative design options, since this exploration allows for better informed 

alternative selection. 

Framework Implications  

Such a classification of iteration helps identify necessary iterations in design.  Based 

on the assumption of repeating an activity, rework iteration does not move the design to 

an increased state of completion because there is no evolution on either design level or 

scope, and thus might not be necessary.  Design iteration represents design evolution 

towards completion through design levels, while behavioral iteration portrays this 

evolution across scope.  Design and behavioral iteration are performed in tandem to 

evolve the design to its final state and are expected to eliminate or reduce the causes of 

rework iteration and thus deem it unnecessary.   



 

18 

In short, the iteration framework implies that increasing the resolution of design 

information (design iteration) without skipping design levels, and developing alternative 

solutions (behavioral iteration) in parallel before selecting one, helps design a quality 

product without the need to rework, which translates to fewer design hours for the same 

quality level and thus higher designer productivity. 

Minimizing the Impact of Iteration 

A number of authors have proposed countermeasures to minimize the adverse effects 

of iteration.  This section discusses a number of them in light of the framework just 

presented.   

Terwiesch, Loch, and De Meyer (2002) compared iterative approaches to design with 

set-based concurrent engineering approaches (Sobek, Ward, Liker 1999).  They 

concluded that iterative approaches tend to increase both development lead time and cost 

(as tooling rework and engineering hours increase), but were necessary where precise but 

unstable information was used.  Iteration could be decreased by using less precise but 

more stable information, but this application is limited because such designers may not be 

able to use the information if it is too imprecise.   

To counterbalance the effects of unstable information, Krishnan, Eppinger, and 

Whitney (1995) define iterative overlapping as the problem of interchanging preliminary 

information to reduce lead time.  To perform interdependent tasks simultaneously, the 



 

19 

authors suggest starting with value intervals (less precise, more stable information) and 

iteratively narrow the range until reaching a final value.   

Krishnan et al. (1997) suggest an alternative countermeasure to iteration in dealing 

with loss of quality due to sequential decision-making, which is to decide in a way other 

than sequentially.  Krishnan et al. (1997) present two characteristics of design parameters 

to be taken into account to reduce iteration: task and sequence invariance.  The objective 

is to iterate on parameters that are dependent on both the task performed and task 

sequence.  There are several process countermeasures that deal directly with the 

assumption of sequential decision-making. 

Sobek, Ward, and Liker (1999) argue that Toyota’s development system follows three 

principles that differentiate it from some of its competitors: they map the design space, 

integrate by interception of feasible spaces, and establish feasibility before commitment.  

Based on these principles, set-based concurrent engineering (SBCE) breaks from the 

paradigm of deciding sequentially in a point-to-point solution search.  In SBCE, 

engineers refrain from making design decisions at a detail level before exploring 

alternatives at higher design levels to determine whether the solutions are feasible when 

considered against downstream task constraints (Ward, Liker, Christiano, Sobek 1995).  

The evolution along design levels to determine solution feasibility seems to indicate 

design iteration.  At the same time, SBCE also involves behavioral iteration in that the 

sets of alternatives allow for the simultaneous evaluation of a range of problem 

definitions, which with my framework we could potentially identify as sets of scopes.  
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The authors also indicate that a set-based approach reduces backtracking the design, i.e., 

rework iteration. 

Similarly, Ball, Evans, and Dennis (1994) argue that taking a breadth-first approach, 

in which all design activity is performed at all design levels (design iteration with 

behavioral iteration at each design level), reduces rework iteration because it allows for a 

better exploration of interactions at higher design levels (Anderson, as quoted in Ball et 

al. 1994).  The breadth-first approach performs behavioral iteration at different design 

levels considering scope only as the subdivision of the design into modules.  Both SBCE 

and breadth-first approach involve the execution of behavioral and design iterations, 

avoiding sequential decision-making that leads to performing behavioral iterations 

sequentially – which has a negative impact on lead-time, as opposed to working on 

different scopes simultaneously or in parallel. 

Another approach to minimizing the impact of iteration is to reduce information 

interdependence between modules at their interfaces.  The designer needs to perform 

system level activity in order to define the boundaries for the modules.  Standardizing 

and making these interfaces explicit can aid in keeping the information transfer across 

boundaries low, as well as synchronizing or integrating the modules frequently 

(Cusumano 1997), thus possibly extending the limits to concurrency as Hoedemaker et al. 

present (Hoedemaker, Blakburn, Van Wassenhove 1995).    

Smith and Eppinger (1997a) use design structure matrix to model design including 

strength of coupling between activities, and present advice on how to better plan activity 

execution based on the information obtained.  In essence, the results indicate that 
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designers should not execute a task until all the tasks that strongly influence it are 

finished, and should perform long tasks later so there is less chance of repeating them.  

Denker et al. (2001) extend the model to limit the number of iterative cycles through 

better task planning and sequencing. 

Problem Solution Co-evolution 

Several of the recommendations from the work cited above assume that activities can 

be performed sequentially.  This is likely not a good assumption in many cases.  One 

reason for this is that often defining the problem and generating solutions do not occur in 

sequence.  Rather, the definition of the problem evolves in parallel with the solution.  A 

designer gains an initial understanding of problem, and develops a preliminary solution.  

But in order to evaluate the solution, he finds he needs more information about the 

problem.  This, in turn, leads to refinements to the solution, and so the process continues, 

with the designer’s understanding of the problem evolving as solutions are generated and 

evaluated for their suitability.  As will be illustrated next, the proposed framework is 

potentially useful for identifying necessary versus avoidable iterations in this more 

complex situation. 

Consider a common occurrence in product development: changing customer 

requirements (Karlsson, Nellore, Soderquist 1998).  Product developers often assume that 

customers know exactly what they need, which creates the notion that design is searching 

for the right solution for the perceived customer need.  Though changing requirements is 

quite common, planners often do not consider it a likely event and therefore do not plan 
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for it, so that when product specifications change, customers are blamed for triggering 

rework.  The proposed framework helps us think about it differently.   

Imagine a designer presenting the customer with a detailed design of a multipurpose 

knife that satisfies the customer’s need as the designer perceived it, with the unstated but 

very real hope that the customer will accept it as-is.  After reviewing the design, the 

customer points out that, against requirement, the blades bind when more than one tool is 

already unfolded.  The observation results in a rework iteration to address the lack of 

compliance with requirements.  In contrast, consider the same situation (designer 

presenting the customer with the newly designed multipurpose knife) but now, after 

seeing what a possible solution looks like, the customer decides that so much 

functionality is confusing and sends the designer back with a shorter list of functional 

requirements and an additional requirement for a more user-friendly folding mechanism 

to prevent injury when transitioning between tools.  The designer goes back to work 

thinking the customer holds back information without realizing that maybe the customer 

did not understand the implications of the design requirements until exposed to a possible 

solution.  The designer has to iterate but under different circumstances: in the second 

scenario the scope has changed and triggered a behavioral iteration.   

The process of generating solutions and sharing them with the customer can trigger 

the redefinition of the problem (Busby, Lloyd 1999), which will drive the designer to 

accommodate the new information by repeating the same tasks at their corresponding 

design level on the modified problem definition.  It is important to differentiate between 

the two instances of iteration because we have no control over the customer changing 
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requirements upon gaining new information (i.e., about the solution space), but we can 

avoid faults in our own design process.  Failure to include information that constrains the 

design and is available to the designer does not trigger behavioral iteration because it is 

neither a subdivision of the design space nor a requirement change.  For example, 

ignoring restrictions on materials use (e.g., lead or asbestos) and having to repeat design 

tasks to include this information falls in the category of rework iteration, not of 

behavioral iteration, and it is often used in product development to define responsibility 

for the increase in development or product costs due to design changes. 

The proposed framework presented helps identify an alternative approach to working 

with customers.  Instead of presenting a single, near-complete design, showing the 

customer alternative preliminary designs earlier in the process might help accelerate 

problem and solution definition, with less disruption.   

While the framework seems to have validity theoretically, it would be much more 

beneficial to validate it empirically.  The next chapter describes the overall research 

approach, including the data sample, variables, and analysis methods.   
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CHAPTER 3 

OVERVIEW OF RESEARCH METHODOLOGY  

To provide at least partial validation of the framework’s usefulness, data from student 

engineering design projects were analyzed to test the implications stemming from the 

framework.  The present chapter introduces the sample, which was collected and partly 

coded in prior work (Jain 2003; Sobek 2002), and provides an overview of the analysis 

methods. 

Sample and Variables 

The sample consists of twelve mechanical engineering capstone design projects from 

2001 and 2002, with each 15-week project involving three to four senior-level 

mechanical engineering students.  In total, 40 students were involved in the sample 

projects.  All projects had a faculty advisor assigned whose role was to guide the team in 

its work, help the team keep on schedule and within budget, ensure that the academic 

requirements of the course were met, and provide technical advice when necessary.  

Teams could select their senior design project from a list of projects proposed by external 

sponsors.  Design teams also interacted with the sponsoring organization, usually through 

a liaison that provided access to and information from the sponsoring organization.  

Liaisons had various levels of involvement, from program management functions 

throughout the project to some guidance at the beginning of the project.   
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Students were required to record their design activity on paper journals, indicating the 

date and beginning and end times of project related activities.  Input to the journals was 

monitored to ensure students followed minimum form and content requirements.  The 

recorded activity is limited to the paper journal, and any record of computer use has the 

form of printouts and explanations of purpose and outcome of the computer work.  

Students were free to include any design activity they considered necessary and were not 

conditioned to record using a particular representation.  The journals were retained at 

semester’s end.  The journals from the 40 students in the sample provide more than 4,000 

pages of written entries that involve almost 4,700 design hours.   

Design Process Attributes 

Our research on student engineering design identifies design process attributes along 

two dimensions, activities and design levels (Sobek 2002).  The research categorizes 

activities into four areas: problem definition, idea generation, engineering analysis, and 

design refinement.  It also distinguishes three levels of design, namely concept, system, 

and detail, to indicate the progression of design work from ambiguous to specific, with a 

middle step focused on the final design’s configuration or architecture.  Table 2 

summarizes activities and design levels. 

In addition to activity and design level, I included a third process attribute, scope, for 

the present study.  Scope identifies the object of design on which work is performed.  It 

relates to design modules or components, different problem definitions that are 
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circumscribed by different constraints, or alternatives solution approaches considered 

before selecting one approach and developing it to completion.  Within this framework, 

scope refers to the (sub)problem at which a given design activity is targeted (e.g., the 

designer might be working on concept design for overall problem, or the concept design 

of a subsystem). 

Table 2. Activity and Design Level. 

Activity 

Problem Definition Gathering and synthesizing information to better understand a 
problem or design idea 

Idea Generation Qualitatively different approach(es) to a recognized problem 

Engineering Analysis Evaluation of existing design/idea(s) 

Design Refinement Modifying or adding detail to an existing design/idea 

Design Level 

Concept Addressing a given (sub)problem with preliminary ideas, strategies, and/or 
concepts 

System Defining subsystems for a particular concept, and defining their 
configuration and interfaces 

Detail Quantifying specific features required to realize a particular concept 

 

To illustrate the three design process attributes, consider a design team meeting to 

brainstorm ideas for the communications network of a motor vehicle’s electrical system 

(e.g., using a Controller Area Network or a Local Interconnect Network).  In the 

framework, we would classify the activity as idea generation and the design level as 

concept, and label the scope as communications network.  If the design team partitions 

the network into sub-networks and defines the interactions among these sub-networks, 
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the activity and scope are the same but now the design level has dropped to system.  Once 

the team partitions one of these sub-networks into components, the scope will have 

changed while the activities and design level (system) will remain the same.  If the team 

considers test data to evaluate network performance, the activity would now be 

engineering analysis rather than idea generation. 

Journal Coding 

Research assistants coded the journals to indicate the activity the student performed 

and the corresponding design level for every journal entry (Table 3 shows the coding 

notation; definitions for each design level and activity were presented in Table 2).  Also, 

the time spent per entry was recorded according to the indications found in the journal, 

which became the main quantitative data for analysis.  Entries with times not specifically 

noted in the journal were assigned times based on indications from other journals, the 

amount of journal space used to record the entry as compared to other entries with noted 

times, or by using a rule of allocating ten minutes of effort per unit of space used on the 

journal page. 

Table 3. Codes for any Activity at a Design Level. 

 Problem 
Definition 

Idea  
Generation 

Engineering 
Analysis 

Design 
Refinement 

Concept C/PD C/IG C/EA C/DR 

System S/PD S/IG S/EA S/DR 

Detail D/PD D/IG D/EA D/DR 
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The principal investigator (Dr. Sobek) reviewed the coding to ensure both internal 

and inter-evaluator consistency.  The coding and times for individual journals were 

entered into a database, then the times were aggregated to the project level by summing 

from individual journals for that project.  

Figure 2 presents a sample journal entry to illustrate journal format and coding.  In 

this sample journal entry, the initial text was coded as detail problem definition and the 

top sketch as detail idea generation.  However, the sketch that illustrates the relation 

between the cutter, the potato, the sausage, and the core was considered system design 

refinement.  It was not considered idea generation because the same idea appears earlier, 

only now the designer considers the layout again before exploring possible design 

problems at a detailed level.  The notes on the sketch were coded as detail problem 

definition and the sketch at the bottom as detail idea generation.  

In addition to design level and activity type, a third process attribute of interest is 

scope, which refers to alternatives, sub-problems, or different sets of constraints.  Given 

the nature of the projects and the resolution of the journal data, scope was identified as 

the alternative concept the team or individual works on for each journal entry.  Focusing 

on alternatives for the complete project also helped identify the specific solution the team 

selected as the final design and thus identify effort allocated to alternatives that were not 

selected, which measured behavioral iteration.  Two people reviewed the projects in the 

sample noting the overall alternative the teams were working on to reduce bias.  

Disagreements were discussed to reach a decision for each affected entry.  Design work 

not related to any stated alternative was coded as generic work, such as generic data-
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gathering entries or design work entries without enough information to determine which 

alternative they belong to, unless the context made it clear.  Design work applicable to 

more than one alternative was classified under all pertinent alternatives.   

 

Figure 2. Sample Journal Entry 
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Table 4 presents an excerpt of coded data for one team member’s journal.  The design 

team considered two alternatives to address this project’s design objectives and  

Alternative 2 was selected as the final design, which is apparent on the table as March 

19th contains the last entry for Alternative 1.  The rest of the project presents entries for 

alternatives 0 or 2.  Some of the entries are allocated to all three categories. 

Table 4. Sample Scope Data 

Alternatives    
No Specific Alternative     0   
In-line system      1  
Horizontal system       2 
Date Level Activity Time    
2-Feb Concept Problem Definition 3.25 0   
6-Feb Concept Problem Definition 1.25 0   
7-Feb Concept Problem Definition 0.78 0   
12-Feb Concept Idea Generation 1.40 0 1  
13-Feb Concept Problem Definition 0.50 0   
14-Feb Concept Problem Definition 0.15 0   
14-Feb Concept Idea Generation 0.60 0 1  
15-Feb Concept Problem Definition 0.75 0   
16-Feb Concept Problem Definition 0.25 0   
16-Feb System Idea Generation 0.10 0   
16-Feb Detail Problem Definition 0.30 0   
22-Feb Concept Problem Definition 0.50 0   
22-Feb System Idea Generation 2.00  1  
5-Mar System Idea Generation 2.00 0 1 2 
19-Mar System Idea Generation 0.50 0 1 2 
20-Mar System Design Refinement 2 0  2 
20-Mar Detail Engineering Analysis 0.5 0   
20-Mar Detail Design Refinement 0.5 0   
22-Mar Detail Engineering Analysis 3 0   
22-Mar Detail Design Refinement 0.5 0   
23-Mar Detail Engineering Analysis 2.75   2 
23-Mar Detail Design Refinement 0.75   2 
24-Mar System Idea Generation 0.75   2 
25-Mar Detail Design Refinement 3.5   2 
28-Mar Detail Problem Definition 1   2 
28-Mar Detail Engineering Analysis 0.33   2 
28-Mar Detail Design Refinement 4.5   2 
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Productivity Measurement 

To evaluate a project’s outcome, Jain (2003) developed two validated outcomes 

assessment instruments.  Practicing engineers evaluated the final reports for each project 

in the sample and assigned scores using a carefully designed rubric intended to measure 

the overall quality of the design (Q).  Two basic metrics (requirements and feasibility), 

two advanced (creativity and simplicity), and a metric of the overall impression of the 

design solution compose the rubric.  Each metric is on a scale of 1 to 7, with 7 being the 

best.  The quality score (Q) is the average of the five metrics across evaluators. 

In addition, Jain (2003) administered a client satisfaction questionnaire and computed 

a customer satisfaction score (S) for each project using two metrics: quality and overall. 

The quality metric relates to design objectives and customer expectations, while the 

overall metric addresses feasibility of implementation, willingness to implement, and 

overall satisfaction with the design outcome.  Each metric is on a scale of 1 to 5 (5 being 

best).  The client satisfaction score (S) is the sum of the two measures (Sobek, Jain 2004).   

The present study uses a productivity measure (P) calculated by: 
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 where � t  is the total number of student engineering hours spent on design activities 

in the project.  Productivity measures in the sample range from 0.0012 to 0.0035 because 

the magnitude of the denominator is large (200-800 person hours per project) relative to 

the numerator (less than 10). 
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The data used for analysis consists of the productivity measure as the dependent 

variable and several effort allocation measures as predictors.  The measures for effort 

allocation range from total time spent per activity at its design level for the entire project 

to percent of time for a given week allocated to a specific activity.  Table 5 shows the 

total effort allocation per design level and activity combinations as a percentage of total 

design hours spent on all the projects in the sample.  

Table 5. Percent of Total Design Effort in the Sample Per Activity and Design Level. 

 Concept System Detail Activity Totals 

Problem Definition 11.71% 1.41% 8.24% 21.36% 

Idea Generation 4.10% 2.45% 3.14% 9.69% 

Engineering Analysis 2.73% 0.98% 23.99% 27.70% 

Design Refinement 1.10% 2.84% 37.31% 41.26% 

Design Level Totals 19.65% 7.67% 72.68% 100.00% 

Analysis Methodology 

Activity, design level, and scope help distinguish effort allocation strategies as they 

characterize design time.  Unveiling the relation between these strategies and productivity 

is the role of data analysis.  The data analysis approach and how it compares to other 

quantitative techniques previously used in the study of design processes is now presented. 
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A number of engineering design researchers have used quantitative approaches to 

better understand design processes.  Some examples include Steward’s Design Structure 

Matrix (DSM) (Steward 1981a,b), Markov chains, and fuzzy logic. 

Design structure matrices have been used widely to decompose and integrate 

components in a design, team members in an organization, activities in a process, and 

parameters in design decisions (Browning 2001).  Specifically, DSM has helped model 

design iteration (Smith and Eppinger 1997a; Yassine, Whitney, Lavine, Zambito 2000), 

assess the probability of rework (Yassine, Whitney, Zambito 2001), and predict system 

interactions (Van Eikema Hommes, Whitney, Zambito 2001).  Smith and Eppinger 

(1997b) combine DSM with a Markov chain model to study sequential versus parallel 

iteration in design.  The applications of DSM to engineering design and product 

development continue to grow. 

Fuzzy logic techniques, such as the Method of Imprecision, have been used to model 

uncertainty in early design stages (Wood, Antonsson 1989).  The method is designed to 

mathematically represent uncertainty in design, which helps deal with uncontrollable 

noise factors to achieve a more robust design, select better alternatives based on customer 

and designer preferences, or reduce overall performance uncertainty (Otto, Antonsson 

1994; Antonsson, Otto 1995). 

This study differs from previous work in three important ways.  First, the approach 

uses data from 12 actual design projects, in contrast to design process models based on 

stylized versions of the design process. Some of these stylized models can identify 

specific activities in the process (unlike our more generic activities) and thus lend 
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themselves more to tools such as DSM to identify dependencies among activities.  In this 

sample each project is different, and these specific activities are not as easily identifiable, 

at least to a meaningful level of resolution, so DSM was deemed inappropriate as an 

analysis tool in this case.  Second, designer productivity is the primary dependent 

variable.  Productivity combines quality and development cost (that is, the level of 

quality achieved for expended effort) as opposed to treating either measure alone.  Third, 

unlike many studies of actual design processes, statistical analysis tools are used to gain 

insight into the data rather than qualitative, case-based techniques.   

The three main statistical tools used to provide empirical support for the 

recommendations were hypothesis testing (mainly as F-tests of equal variance and t-tests 

of equal means), multivariate linear regression analysis, and factor analysis.  Multivariate 

linear models explore the explanatory power of activities at design levels, factor scores, 

and rotated factor scores. 

As part of the analysis approach, factor analysis groups common variability among 

variables and assigns it to factors. The factor scores for each of the projects become the 

predictor variables in multivariate linear regression analysis with productivity as the 

dependent variable.  The contribution each activity has to productivity can be inferred by 

multiplying the standardized scoring coefficients from the factor analysis by the 

regression coefficients, as will be shown in detail in Chapter 5.   

For the implication that behavioral iterations should explore alternatives before 

committing to one, factor analysis helped identify which activities were collinear and 

which ones were not.  The model to support this implication used activities at their design 
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level as explanatory variables as opposed to factor scores, which was possible because 

individual-based data was used rather than aggregated team data.  Individual-based data 

provides enough degrees of freedom to use activities as explanatory variables.  Analysis 

details will be presented in Chapter 6. 

Finally, ranking the projects on productivity along two dimensions helped measure  

timing and provided important information to implement the implications on actual 

student design projects. The first dimension measures effort allocation through the 

project’s timeline and differentiates teams on whether they front loaded their effort or 

not.  The second dimension measures the degree to which they relied on activities that 

indirectly measure rework on the second half of the timeline.  The measures combined 

help identify strategies to improve the productivity of student engineering design teams 

through improved design processes. 
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CHAPTER 4 

EMPIRICAL VALIDATION OF THE ITERATION FRAMEWORK 

The next three chapters present analyses and results that test the three major 

implications of the iteration framework presented in Chapter 2.  The general approach 

was to analyze the journal data from the sample previously described (Chapter 3) using 

statistical analysis tools.  Journals provide happenstance data, which limits the statistical 

tools applicable to techniques that preclude inferring causality.  The focus of the analysis 

was linear modeling due to the relative simplicity of the relations it uncovers, specifically 

multivariate linear regression and factor analysis. 

Specific instances of iteration are extremely difficult to extract from the journal data.  

So the analysis focuses on the presence of certain kinds of activities as indicative of one 

or more of the three iteration types.  For rework iteration specifically, as will be argued 

later in this chapter, identifying (and thus quantifying) specific instances of rework from 

the journal data was not possible.  However, rework most often occurs at the detailed 

level, and would fall under the “design refinement” code.  So the code “D/DR” is used as 

an indicator (though not a direct measure) of rework since presumably greater time in 

D/DR activities likely means greater time in rework. 

Following similar reasoning, if the implication that performing design iterations 

without skipping design levels relates to higher productivity is valid, then we would 

expect that projects in which design activities span multiple design levels would associate 

with greater productivity.  Relating that to the coding system, we would expect activities 

at the system-level to appear in higher productivity projects, because absence of system-
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level activity suggests that design teams skip from concept to detailed design.  Presence 

of system-level design activity is indicative that design iteration occurred without 

skipping levels.  The analysis approach and results for whether design iteration associates 

with productivity are presented in Chapter 5.   

Lastly, to test whether behavioral iteration associates with productivity, the analysis 

focuses on a key behavioral iteration—design work on alternative design concepts.  But 

again, because extracting exact iterations from the data is very difficult, the analysis 

concerns overall design activity that would indicate that behavioral iteration is occurring; 

specifically, data only from design work on alternatives that did not make the final 

selection.  The data would support the implication that performing behavioral iterations 

relates to higher productivity if design activity on these non-final concept alternatives 

relates to productivity.  This analysis, results, and discussion are presented in Chapter 6. 

The remainder of this chapter discusses the nature of iteration as observed in the 

design journals, particularly the nature of precedence among the design activity types 

identified in the journal coding, as justification for using certain codes to indicate rework.  

The final section of this brief chapter presents some data that indicates a negative 

association between indicators of rework and productivity. 

Precedence in Iteration Cycles 

To determine whether rework iteration is negatively related to productivity, it is 

helpful to identify precedence between activities and repetition of an activity cycle.  The 
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aforementioned phenomenon of problem and solution co-evolution has implications in 

the interpretation of what repeating an activity cycle means.  The differentiation between 

activities that occur on either problem or solution space allows grouping problem 

definition with engineering analysis, as they deal with issues on the problem space, and 

idea generation with design refinement because they work directly on solutions (solution 

space).  The difference between the grouped activities is sequence: to evaluate or to 

modify an existing idea, the idea needs to exist; therefore both engineering analysis and 

design refinement can only occur after idea generation (Fig. 3).   

 

Figure 3. Sequence Repetition Embedded in Activity Definition. 

 

Since idea generation is any qualitatively different approach to a recognized problem, 

problem definition needs to occur at least in parallel with idea generation.  These 

definitions and their implications are embedded in the code used to extract information 

from the data, so as expected the analysis corroborates this interpretation. 
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Design 
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But the data also show that these precedence relationships do not imply completion of 

the preceding task and only apply to starting points, after which the activities tend to 

occur in parallel.  Such precedence could be interpreted as a symptom of problem 

solution co-evolution, since it is not a direct consequence of the definition, and might 

represent a different connotation to task interdependence that does not necessarily fit with 

design models in which activities interact only through inputs and outputs at the 

beginnings and ends of tasks. 

Design Refinement as a Measure of Rework Iteration 

The definition of iteration as repetition of an activity sequence presents a useful 

identification of first time occurrence in contrast with repetition.  From the four process 

attributes, only problem definition and idea generation can occur first on any given scope 

and design level at the problem and solutions space respectively.   

Identification of repetition in activities that transform design data is particularly 

interesting because of the difficulty to directly measure time spent on rework in the 

sample projects.  Large cycles of rework are easily identified but seldom occur, whereas 

smaller manipulations of design data that intend to amend the design to overcome 

difficulties found late in the design are not as easily identified given the data’s resolution.  

For example, a journal may indicate that the student designer is creating engineering 

drawings in CAD; however, it often does not indicate whether the designer is specifying 

the details of a design (e.g., unspecified hole diameter is specified to 0.25 in.) or changing 



 

40 

the details of a design (e.g., hole diameter of 0.25 in. changed to 0.375 in.).  These 

“minor” iterations can compound to large amounts of time spent just to make the design 

work. 

In light of this lack of resolution in the data, it was not possible to measure rework 

effort directly.  Rather, effort allocated to detail design refinement was considered as an 

indirect measure of rework.  Although this definition exploits the advantages of the 

current coding scheme it is not univocal because not all effort allocated to detail design 

refinement is rework – some of it is considered necessary to tune the final design.  

However, manipulations of design details late in the project that intend to get the design 

to an acceptable quality level fall mainly under the D/DR rubric (see Table 3 in Chapter 

3).  The more effort allocated to D/DR, the more indication that the designers are beyond 

tuning their design but are rather trying to fix problems derived from poor alternative 

selection or oversight of interactions and interfaces.  The data indicates there might be an 

important component of D/DR that is not fine-tuning the design but rather patching it. 

Most design effort in the sample projects is allocated to detail engineering analysis 

(24% of total design time for the sample) and detail design refinement (37% of total 

design hours).  Therefore, around 64% percent of the sample’s total design time is 

dedicated to activities that imply repetition and occur at the most detailed level.  Detail 

design refinement in particular presents a strong negative association with average 

productivity, explaining 91% of its variance, probably because refining design details 

does not associate with average quality but does associate to total design time.  This 

suggests that a large component of the 40% effort allocated to detail-level design 
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refinement is attempting to get the design to an acceptable quality level rather than tuning 

details. 

If detail design refinement can be considered a reasonable though indirect measure of 

unnecessary repetition, it seems that rework iteration relates to lower productivity.  

Therefore, allocating more hours to activities that associate with higher productivity is 

expected to substantially reduce hours in detail design refinement or rework iteration (and 

thus total hours) for the same quality outcome.   
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CHAPTER 5 

DESIGN ITERATION 

One of the main implications of the framework presented in Chapter 2 is that 

increasing the level of detail of the design data without skipping abstraction levels is a 

productive form of iteration.  In the context of the coded journal data, this means 

repeating activities at different design levels, making sure to include the system level.  

Thus a positive association between design activity performed at the system and 

productivity would provide support for the framework.  The next sections present the 

analysis method to determine associations between activity patterns and productivity, 

results of analysis, and a discussion of the limitations and implications on productive 

design processes.   

Analysis Approach 

The initial step to provide evidence for not skipping design levels was to perform 

factor analysis on the activities at their corresponding design level.  Factor analysis 

isolates latent constructs, which are not directly measurable and are unknown a priori, 

that explain the common variance among a set of variables.  Using the factors as 

substitutes for the variables helps reduce dimensionality and allows more error degrees of 

freedom for subsequent analysis.   Factor analysis of the 12 predictor variables in Table 5 

resulted in four latent constructs.  The standard scoring coefficients for each construct 
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were multiplied by the corresponding variable value for each project and summed to 

obtain one score for each factor for each project.   

I then created a multivariate linear regression model to determine whether the factors 

can predict productivity.  The independent variables are the factor scores, with team 

productivity as the dependent variable.  Thus, each factor’s regression coefficient 

represents its contribution to a unit increase in productivity.  In order to relate the 

regression model back to the original variables, the regression coefficients were 

multiplied by the factor scoring coefficients to arrive at a productivity coefficient for each 

of the original variables.   

Analysis Results 

Factor analysis resulted in four factors that combined explain 84% of the total 

variance in time spent on activities at the three design levels.  Table 6 presents the 

breakdown of variance explanation for each of the factors.  Factors are independent from 

one another, so there is no covariance.  Refer to Appendix A for the scree plot of 

eigenvalues, the factor pattern matrix, and the scoring coefficients matrix. 

Table 7 lists the communality estimates of the twelve variables in descending order.  

The communality estimates represent the percentage of a variable’s variance that is 

common to at least another activity and is explained by the four factors.  The remaining 

variance for each variable is unique, thus not explained by the factors.  The degree of 

communality ranges from 92 to 68%, which means these variables have well over half of 
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their variance common with at least one variable.  Analysis was performed using the SAS 

System for Windows 9.0 (commercially available at www.sas.com). 

Table 6. Variance Explanation by Factor. 

Ranked Factors Percent of Productivity Variance Explained 

Factor 1 28.5 % 

Factor 2 26.5 % 

Factor 3 17.0 % 

Factor 4 12.0 % 

Table 7. Communality Estimates. 

Ranked Design level and Activity Percent of  Common Variance 

Conceptual problem definition 92 

Conceptual design refinement 92 

Detail idea generation 91 

System engineering analysis 89 

System design refinement 87 

System idea generation 85 

Conceptual engineering analysis 85 

Detail design refinement 84 

Conceptual idea generation 84 

System problem definition 79 

Detail engineering analysis 72 

Detail problem definition 68 

 

Each project’s factor scores were derived by multiplying the matrix with the original 

variable values by the vector of standardized scoring coefficients.  This transforms the 
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data set from 12 observations of 12 independent variables, to 12 observations of four 

latent process attributes, or factors (see the factor scores matrix in Appendix A). 

As a preliminary step before regression analysis, the factor scores were analyzed to 

identify possible outliers that would distort the results.  This preliminary analysis 

identified one project that obtained a score for Factor 3 that, assuming normality, lay 

outside of the 95% t-distribution confidence interval. The possible outlier score may be 

explained by the nature of the project, which involved equipment selection rather than the 

design of a mechanical device. 

After removing this project from the sample, linear regression for all variable 

combinations resulted in a best-fit model that includes factors 1, 3, and 4, and explains 

91.5% of the variance in productivity (see Table 8).  Factor 2 had a p-value of 0.83 and 

was removed from the model.  The intercept was set to zero because it was not 

statistically significant, which added an error degree of freedom.   

Table 8. Multivariate Linear Regression Statistics for Design Iteration. 

R2 0.9153 
Adjusted R2 0.7691 
Standard Error 0.0025 
Observations 11 

ANOVA Degrees of 
Freedom Sum of Squares Mean Square F P-value 

Regression 3 0.00056 2E-04 28.84 0.00026 
Residual 8 0.00005 6E-06  
Total 11 0.00061   
 Coefficients Standard Error t Stat P-value 
Factor 1 -0.003807 0.000145 -26.30 4.8E-09 
Factor 3 0.001474 0.000089 16.56 1.8E-07 
Factor 4 -0.001413 0.000093 -15.20 3.5E-07 
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The extremely low p-values indicate the coefficients differ significantly from zero at 

any reasonable confidence level.  Also, the high R-squared value suggests the model is an 

excellent fit for the data.  The model has 8 error degrees of freedom, which is satisfactory 

given the small sample size but is still under the 10 considered a minimum acceptable.  

The regression coefficients indicate the contribution of one factor to a unit increase in 

productivity while holding all others constant.  The coefficient’s sign indicates whether 

the factor relates to increased or decreased productivity.   

Productivity Coefficients  

To translate the factor coefficients back to the twelve activities at their design level, I 

multiplied the regression coefficients of the three remaining factors by the standardized 

scoring coefficients from the factor analysis.  The resulting productivity coefficients 

shown in Table 9 indicate the expected contribution from a given variable to a unit 

increase in productivity holding all others constant. 

The data in Table 9 indicate that generating ideas at the system level strongly relates 

to increased productivity, far more than any other activity, with defining the problem at 

the system level following at about one-third the contribution.  Only two other activities 

contribute positively to productivity: detail level problem definition activity and concept 

level analysis.  The rightmost column will be addressed in the chapter on project phases. 
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Table 9. Productivity Coefficients by Design Level and Activity. 

Design Level and Activity Productivity Coefficient Characteristic Phase 
System idea generation 0.0031 Transition 
System problem definition 0.0011 Transition 
Detail problem definition 0.0005 Transition and Back End 
Concept engineering analysis 0.0004 Transition 
System design refinement 0.0001 Transition 
Detail engineering analysis 0.0001 Back End 
Detail design refinement 0 Back End 
Concept idea generation 0 Front End 
Concept problem definition -0.0001 Front End 
System engineering analysis -0.0010 Transition 
Detail idea generation -0.0012 Transition and Back End 
Concept design refinement -0.0019 Transition 

 

At the other end of the scale, refining the design at a conceptual level is associated 

with lower productivity.  This seems to indicate that, rather than spending time refining 

the concept, designers that improve the state of information (Hazelrigg 2003) by 

transitioning to the system level — that is, increasing the amount of detail on interfaces 

and product structure — achieve quality designs in less time.  System level engineering 

analysis and detail idea generation also relate to decreased productivity, but to a lesser 

degree (Costa and Sobek, 2003). 

In the middle are activities that seem to have little effect on productivity.  These are: 

conceptual level problem definition and idea generation, detailed level engineering 

analysis and design refinement, and system level design refinement. 
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Limitations and Model Adequacy 

While the variable values represent a great deal of data (for instance, 12 data points 

represent 400-500 pages of journal data and thousands of hours of student work for one 

project), the number of projects in the sample relative to the number of variables of 

interest results in few degrees of freedom, which might distort the results.  The adequacy 

of the model will indicate if there are other aspects that affect the validity of the model 

obtained. 

The assumptions of normality, independence, and constant variance need be 

addressed.  While the original activities at their design level are dependent, factor 

analysis is a valid remedial measure because factors are orthogonal.  At any rate, 

collinearity does not affect the predictions of the model as long as the data used to make 

inferences follows the same multicollinearity pattern, which would probably be the case 

as the data used would come from another coded project (Neter, Kutner, Nachsteim, 

Wasserman 1996).   

This model does not seem to violate the assumption that residuals are normally 

distributed around a zero average (Fig. 4).  A correlation test for normality does not 

provide evidence to reject the null hypothesis that the residuals are independent and 

identically distributed following a Normal distribution.  The correlation value between 

the empirical quantiles (the residuals) and the theoretical quantiles is 0.977 which is 

higher than the critical value of 0.928, given a sample size of 11 observations and a 

confidence level of 0.05. 
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Studentized residuals were used to detect possible patterns and outliers, considering 

the values of each residual with respect to its own variance to give recognition to 

differences in sample in the sampling errors of the residuals (Neter et al. 1996).  

 

Figure 4. Normal Probability Plot for the Studentized Residuals for the Design Iteration 
Model. 

 

The same applies to the assumption of constant variance.  There is no apparent 

pattern in the graph and therefore no reason to believe the model is not a good fit (Fig. 5).  

A modified Levene test, which can detect if the variance of errors increases or decreases 

with the explanatory variable, showed no reason for concern.  It should also be noted that 
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the Mallow’s Cp value for this three-variable model is 3.0365, which indicates the model 

presents low bias.   

 

Figure 5.  Studentized Residual vs. Predicted Productivity for the Design Iteration Model. 

 

Since both assumptions are respected, the model can be assumed a good fit for the 

data and that the most relevant limitation is that the number of error degrees of freedom is 

relatively low.  In order to address the limited error degrees of freedom a second model 

was generated now using individual data rather than the team aggregates.    The following 

section further explains this model. 



 

51 

Model Based on Team Member Data 

The model using team member data instead of the team aggregates was also 

constructed using factor scores.  As in the team aggregate data, three factors were 

significant (though their compositions vary from the 3 factors in the team data model).  

An outlier was detected and removed out of the 34 observations leaving 29 error degrees 

of freedom. These three factors explain 74% of the variance in productivity (Table 10). 

Table 10. Multivariate Linear Regression Statistics for Design Iteration on Team Member 
Data. 

R2 0.7442 
Adjusted R2 0.7178 
Standard Error 0.0040 
Observations 34 

ANOVA Degrees of 
Freedom Sum of Squares Mean Square F P-value 

Regression 3 0.00135 0.00045 28.13 <0.0001 
Residual 29 0.00046 0.00001  
Total 33 0.00181   
 Coefficients Standard Error t Stat P-value 
Intercept 0.02049 0.00069622 29.44 <0.0001 
Factor 1 0.00452 0.00070283 6.44 <0.0001 
Factor 3 -0.00273 0.00069642 -3.92 0.0005 
Factor 4 -0.00371 0.00069679 -5.33 <0.0001 

 

The normal probability plot for this model shows that there is no reason to suspect the 

normality assumption is violated (Fig. 6).  However, the plot of studentized residuals 

against the predicted values seems to show evidence of non-constant variance.  Variance 

tends to increase in the middle range of productivity, with an almost symmetrical pattern 

around the 0.022 productivity score.  This “tulip” pattern could indicate that there is an 
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additional aspect related to productivity that the model does not include (Fig. 7).  The 

small sample size for the team aggregates does not allow us to determine whether this 

missing aspect also applies to the previous analysis. 

 

Figure 6. Normal Probability Plot for the Studentized Residuals for the Design Iteration 
Model Using Team Member Data. 

 

Due to the different composition of these three factors and the different values for 

their linear coefficients, the resulting productivity coefficients vary from the team 

aggregate analysis.  Table 11 shows the main productive activity is defining the problem 

at the conceptual level.   
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Figure 7. Studentized Residual vs. Predicted Productivity for the Design Iteration Model 
Using Team Member Data. 

 

The second activity at its design level that relates to higher productivity is generating 

ideas at the system level (same code ranked highest contributor to productivity in the 

previous analysis on team aggregated data).  Other activities have lower contributions to 

productivity but overall relate to it positively.  The only activity that relates negative, by a 

substantial amount, is engineering analysis at the system level (again, this same code 

appeared as a negative contributor to productivity in the previous analysis on team 

aggregated data).   



 

54 

Table 11. Productivity Coefficients by Design Level and Activity for Individual Data. 

Design Level and Activity Productivity Coefficient Characteristic Phase 
Conceptual problem definition 0.0035 Front End 
System idea generation 0.0024 Transition 
Concept engineering analysis 0.0014 Transition 
Detail idea generation 0.0010 Transition and Back End 
Detail problem definition 0.0007 Transition and Back End 
Concept idea generation 0.0006 Front End 
System design refinement 0.0005 Transition 
System problem definition 0.0005 Transition  
Detail engineering analysis 0.0004 Back End 
Concept design refinement 0.0001 Transition 
Detail design refinement 0 Back End 
System engineering analysis -0.0019 Transition 

 

Chapter 7 addresses the timing of design activity in the sample and defines three 

phases for the 15-week design projects: front end, transition, and back end.  At this point 

it is worth noting that results from the team aggregated data analysis indicate that the 

transition phase is the distinguishing factor in a design team’s productivity.  Neither front 

nor back end activities, with the exception of concept problem definition, associate with 

productivity, probably because the data does not present much variability across the 

sample of projects in these phases.  The processes differ the most at the transition phase.  

This observation changes for the analysis done at the team member level, where the 

activity that dominates the front end of the project becomes the most strongly associated 

with productivity, with the back end activities relegated to a small explanatory power.   

In summary, the data provide some empirical support to the framework’s implication 

that performing design iterations without skipping design levels (system level work) 

relates to higher productivity processes. 
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CHAPTER 6 

BEHAVIORAL ITERATION 

Behavioral iteration refers to repeating activities on different scopes. One 

manifestation of behavioral iteration is development work on alternative designs before 

selecting one.  The iteration framework presented in Chapter 2 implies that performing 

behavioral iterations on non-selected alternatives serves as an exploration of the design 

space that is expected to improve the state of information (Hazelrigg, 2003) before 

making a decision, i.e., selecting an alternative, and thus reduce the need to revisit the 

decision or have to rework the design because of poor alternative selection.   

Design texts generally recommend developing design alternatives in parallel as 

opposed to sequentially (i.e., one alternative after another) because of the implications for 

lead-time.  The data sample also presents patterns that closely resemble parallel rather 

than sequential exploration of alternatives.  The focus on this thesis is, however, the 

relation between alternative exploration and productivity.  To quantify behavioral 

iteration, the data was stratified according to what the team was working on (scope) and 

then each stratum was analyzed individually, with emphasis on design work related to 

alternatives that were considered but not selected, as presented in the following section.  

If the data present a linear relation between the activities, or associated factors, and 

productivity for this scope, then the data would provide some empirical evidence of the 

implication’s validity. 
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Analysis Approach 

Three categories stratify the data based on scope: effort on no specific alternative, 

which includes all preliminary work done before or during the development of actual 

alternatives; effort on the chosen alternative, which also appears throughout the project; 

and work performed related to alternatives that were not selected.  This last category 

represents behavioral iteration performed before selecting an alternative because similar 

activities were performed on these alternatives as were performed on the selected 

alternative.  Thus activities are repeated but on different scopes.  The results from 

analysis on this stratum will substantiate the claim that behavioral iteration is part of a 

productive design process.  

Data were considered both at the team aggregate and at the individual designer level.  

Teams in our sample tend to divide design work and coordinate their parallel efforts, but 

this division mostly involves scope rather than design level or activity.  While a designer 

might agree with the team what to work on, it is seldom agreed at what design level and 

which activities the designer should perform – the designer’s behavior – as they are left 

for the individual to decide.  It could be argued that the lack of coordination of designer 

behavior yields different overall results depending on how the effort is allocated.  For 

example, if one designer spends four hours defining a problem at a system level, the 

overall contribution to the project would be four hours; if, however, four designers spend 

one hour each defining the same problem at the same level, the lack of coordination 

might net a contribution to the project of little more than one hour.  The differences in 

effort allocation and the nature of the coordination in the sample makes individual data a 
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possible interesting perspective to better understand the relation between designer 

behavior (activities at design levels) and team productivity. Considering the data as 

individual journals also increases the number of degrees of freedom in the analysis.  

Classifying the data in three strata reduces the amount of extractable information in the 

sample when only considering teams and looking at twelve activities at their design level, 

because few teams spent time on all activities on non-chosen alternatives.  Analysis was 

performed on team aggregated data to determine if there are differences between teams 

allocating time to a specific activity as opposed to not allocating any effort to it at all.  

Although some activities have only a few people spending time on them, the assumptions 

of non-constant variance and lack of normality of the response variable are not violated, 

as will be discussed in the limitations section of this chapter.  

The first analysis on the data is linear regression with each team member representing 

a data point that consists of the percent of total design time spent at a particular activity 

and the average productivity score of the team. Productivity scores were not corrected per 

person to avoid introducing bias in the data.   

The second step involves factor analysis to determine each individual’s factor scores 

and rotated factor scores.  These scores can then be used as explanatory variables for 

further linear regression analysis.  Also, factor patterns allow us to see which activities 

vary in the same axis and whether they vary in the same direction.  This means that 

individuals spend effort proportionally on certain activities, and at the same time allocate 

effort on other activities in an inversely proportional manner – if effort is high on one 

activity, it is low on another.  This also allows us to determine whether the activities that 
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have coefficients that differ significantly from zero for the first model are linearly 

dependent or not – if they appear in different factors they do not relate in the way they 

vary, therefore collinearity should be low.  Linear models on the three sets of variables 

(activities, factors, and rotated factors) explain some of the variance in productivity, as 

presented in the results section. 

Analysis Results 

Analysis on data aggregated to the team level did not yield any discernible patterns, 

so the following results are from analysis using the journal data at the individual level.  

The initial multivariate linear regression of activity, design level combinations on non-

chosen alternatives versus team productivity, resulted in four significant variables at p < 

0.05, as shown in Table 12.  Four variables plus the intercept explain 56% of productivity 

variance.  The variables with coefficients that differ significantly from zero (p < 0.05) are 

system idea generations and engineering analysis, conceptual problem definition, and 

detail design refinement.  Only system idea generation has a positive coefficient, while 

the other three are negatively related to average productivity.  It should be noted that, 

unlike the analysis on design iteration where design work was not stratified by scope, 

conceptual problem definition and detail design refinement both have a negative effect on 

average productivity.  Assuming the model is valid, it indicates that work performed only 

on non-final alternatives explains 56% of the variance in productivity.  The model can 
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predict more than half of the variance in team productivity without looking at the effort 

allocated on developing the final solution.  

Table 12. Multivariate Linear Regression Statistics for Behavioral Iteration. 

R2 0.5611 
Adjusted R2 0.5005 
Standard Error 0.00532 
Observations 33 

ANOVA Degrees of 
Freedom Sum of Squares Mean Square F P-value 

Regression 4 0.00105 0.000262 9.27 <0.0001 
Residual 29 0.00082 0.000028  
Total 33 0.00187   
 Coefficients Standard Error t Stat P-value 
Intercept 0.02924 0.00304 9.63 <0.0001 
S/IG 0.09711 0.03314 2.93 0.0065 
C/PD -0.08347 0.02938 -2.84 0.0081 
S/EA -0.08729 0.03488 -2.50 0.0182 
D/DR -0.01629 0.00446 -3.65 0.0010 

 

Factor analysis on the variables concerning only the non-chosen alternatives resulted 

in six factors that explain an accumulated 84% of the variance in the original variables.  

From these six factors, two have regression coefficients that differ significantly from zero 

(Factor 1 and 2), whose model only explains 27% of the variance in productivity (see 

Appendix B for the scree plot of eigenvalues, the factor pattern matrix, and the scoring 

coefficient matrix).  

Factor 1 varies in the same direction but in opposite sign to detail design refinement.  

Since the regression coefficient for Factor 1 is positive, the association between detail 

design refinement and average productivity is negative.  Factor 1 presents a relatively 

strong factor pattern or relation with concept engineering analysis and both concept and 
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system problem definition, all related to higher productivity.  On the other hand, Factor 2 

has a negative regression coefficient, then system design refinement for this data stratum 

relates with higher productivity while concept problem definition and idea generation 

relate with lower productivity (Fig. 8). 
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Figure 8. Factors 1 and 2 for the Non-chosen Alternative with Related Activities. 

 

Rotating the six factors alters which have significant non-zero coefficients.  Factors 1 

and 6 explain only 28% of productivity variance, but the factors still shed light on the 

collinearity among variables.  Factor 1 is related to both system and detail problem 

definition and system design refinement and explains around 18% of the variance in 

average productivity.  Factor 6 clearly represents system engineering analysis, and relates 

with lower productivity, accounting for the remaining 10% of the variance (Fig. 9). 
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Figure 9. Rotated Factors 1 and 6 for the Non-chosen Alternative with Related Activities. 

 

While Factor Scores and Rotated Factor Scores do not yield models that explain 

much variance in productivity, they do present an interesting picture of the relations 

between the activities that appear to associate significantly with productivity.  For further 

detail on the analysis results in this chapter, please refer to Appendix B. 

Limitations 

The strata reduce the amount of hours spent at each activity, basically dividing it 

roughly by three.  To still be able to analyze the different strata, the data was analyzed at 

the individual level rather than compiled per team.  Teams spending no time on some of 

the alternatives distort the data, skewing it towards zero.  Even with this skew, the 

assumptions of normality and constant variance do not appear to be violated (Fig. 10, 11).  
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Figure 10. Normal Probability Plot for the Studentized Residuals for the Behavioral 
Iteration Model. 

 

A correlation test for normality yields a correlation between the theoretical and 

empirical quantiles of 0.993, which is higher than 0.964, the critical value for a sample of 

33 and confidence level of 0.05.  As for the variance assumption, the “tulip” pattern 

observed in the design iterations model appears again, this time a little less obvious. 
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Figure 11. Studentized Residual vs. Predicted Productivity for the Behavioral Iteration 
Model.  

Timing of Productive Activities 

So far there seems to be some evidence that the framework’s implications are 

consistent with the performance of the sample projects.  Both design and behavioral 

iteration associate with higher productivity, with behavioral iteration involving only the 

repetition of system idea generation for higher productivity.  Repeating certain activities 

then relates to higher productivity in the sample.  A complementary piece of information 

is the timing of these activities that relate to higher productivity.  Now that we know what 
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to do, it is important to determine when to do it to be more productive.  Most of these 

activities appear scattered along the project’s timeline and differ from team to team, 

person to person.  However, some patterns arise from sample averages, which allow 

creating a picture of the average design process for the students in the sample.  This 

average process, although not expected to represent any particular project, presents 

patterns of effort allocation on the activities that are common among most projects in the 

sample.  The next chapter explores these patterns and suggests the division of the 

project’s timeline into three phases based on effort allocation to specific activity groups.  

These activity groups are based on the affinities the problem solution co-evolution 

chapter contains, which relate problem definition and idea generation activities in an 

initial sequence of diagnosis and transformation of design data, and engineering analysis 

and design refinement in a second. 
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CHAPTER 7 

PROJECT PHASES 

Activity timing plays an important role in design processes that should be considered 

when attempting to improve design productivity because the leverage an activity can 

have depends on the nature of the information it diagnoses or transforms.  For instance, a 

finite element analysis on a conceptual sketch or on a detailed drawing might not advance 

the design towards completion in the same manner, although the time to perform them 

would be similar.  To this end, the sample projects were analyzed from a timing 

perspective to determine when activities occur and which patterns arise that might help 

explain differences in productivity, and how these patterns relate to iteration types 

Iteration Timing and its Relation to Project Phases 

Engineering design research often characterizes design as a process composed of 

phases, with particular emphasis placed on the initial concept creation and selection steps.  

For example, Ulrich and Eppinger (2000) define problem definition, concept design, 

system-level design, detail design, and production phases in product development.  In a 

similar fashion, Pahl and Beitz (2001) consider design as a highly iterative process 

through three stages: concept, embodiment, and detail design.  However, as Otto and 

Wood point out (2001), there is no clear transition between concept and embodiment 

design.  By the same token, Ulrich and Eppinger (2000) discuss system-level design, but 
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the discussion revolves around degrees of modularity in the design’s architecture, and the 

relationship with concept design is left unstated.  In fact, it can be a bit confusing as 

“modularity” can be a concept-level objective.  It seems therefore that there is no clear 

definition of the design process during the transition from concept to detail design. 

Observation of timing patterns in the design journal data has uncovered affinities 

among certain activities that allow grouping them into phases.  Conceptual problem 

definition and idea generation dominate the first three weeks in the sample, thus defining 

the first phase – the front end (see Figure 12).  Other activities at different design levels 

are present in the first three weeks, but do not show up consistently or in significant 

amounts in the sample.   

Weeks 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Front End Transition Back End 

C/PD, C/IG S, C, D D/EA, D/DR 

Figure 12. Design Process Phases and their Main Activities. 

 

At the other end, detailed engineering analysis and design refinement dominate the 

last seven weeks, and can be used to define the back end phase of the project. Together, 

these activities represent the single most important productivity predictor because they 

correspond heavily with total project hours but not to quality. However, their predictive 

power is less actionable because they appear at the last stage of the project.   

In between the front and back ends is a transition phase, where concept level problem 

definition and idea generation begin to phase out and detail level engineering analysis 
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and design refinement begin to pick up.  No single activity or design level dominates this 

phase, although most of the system level activity for the project can be observed during 

these three weeks. 

In comparing these observations with the results reported in the design iteration 

chapter, an interesting pattern emerges.  The amount of time spent in the activities that 

dominate the front and back ends (concept level problem definition and idea generation, 

and detail level engineering analysis and design refinement) is not associated with 

productivity, positively or negatively.  On the other hand, those activities most closely 

associated with positive or negative productivity coefficients are found in greatest 

abundance in the transition phase.  It seems, then, that the transition between concept and 

detail design is much more critical to designer productivity than either the front or back 

end design effort, at least in terms of distinguishing among the projects within the 

sample.  This supports the proposition that skipping design levels can be detrimental to 

project outcomes.  In addition, these results suggest that system-level problem definition 

and idea generation are more fruitful during this transition phase than refining conceptual 

ideas or generating new ideas at the detail level.   

These observations apply to behavioral iteration as well, since the activity we need to 

repeat at the different alternatives or scopes is, again, system-level idea generation.  Also 

for system-level engineering analysis, which obtained a negative productivity coefficient 

in the analysis for design iteration, now appears related to lower productivity for the non-

chosen alternatives.  The role these activities play at the system level indicates that design 

and behavioral iteration should occur at the transition phase.  Note on Figure 13 the 



 

68 

pattern of effort allocation per design levels.  The fifth week presents the most similar 

effort allocation for the three design levels, and the transition phase starts when concept 

work dips under 60% and ends when detail work rises above 60% - the eighth week falls 

on spring break, which drops the average effort for most teams.  During the first and last 

weeks many teams do not perform any design work, which lowers the allocation for all 

design levels, being more noticeable on the dominant one (Fig. 13).  Please refer to 

Appendix C for further information on effort allocation in the sample. 
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Figure 13.  Percent Weekly Effort Allocation Per Design Level. 
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Two Project Measures that Relate to Productivity 

The following sections present two different project measures that relate to 

differences in productivity among the projects in the sample.  These two conditions are 

evaluated against productivity using t-tests and rank comparisons, and each represent 

process characteristics present in the sample data.  The two measures are sufficient but 

not necessary for higher productivity, while combined they are necessary and sufficient 

for lower productivity. 

Measure for Front Loading 

A possible measure for front loading, or allocating more effort at the initial stages, is 

to compare the amount of effort allocated to the weeks before selecting an alternative to 

the total effort for the project.  A ratio between the time spent on design activity per week 

before convergence and the same measure but for the entire project can quantify front 

loading.  This ratio is larger than one if more effort than the weekly average was 

allocated to work prior to choosing an alternative, and less than one otherwise.  The 

second, third, and fourth most productive teams (out of ten) had a ratio higher than one.  

A t-test shows that these three projects are significantly more productive than the rest, 

with a p-value of 0.002, which is less than the confidence level of 0.05 and thus provides 

evidence to reject the hypothesis of equal productivity sample averages.  The variances 

cannot be considered different because the F-test does not provide evidence to reject the 

hypothesis of equal variance with a p-value of 0.71, which is higher than any reasonable 
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level of significance.  A linear model using the ratio as explanatory variable explains 

60% of the variance in productivity, with the highest productivity project as a possible 

outlier.  Appendix D presents a graph showing the spread of the two groups – without the 

outlier – in relation to each other, as well as a chart of the linear model that helps clearly 

identify the outlier.  A different measure of front loading is the percent design time 

allocated before the selection of the final alternative, which was considered but did not 

present any patterns, as shown in Appendix D. 

This measure of front loading alone provides information useful to discern productive 

from less productive processes, but, as the next section presents, combined with a 

measure of effort allocation at the end of the project, it allows us to synergize front and 

back end effort allocation to improve productivity. 

Back End Dominated by Engineering Analysis and Design Refinement at a Detail Level 

Design teams can also be separated according to the amount of effort spent at D/EA 

and D/DR at the back end phase (the second half of the project).  Teams that allocated 

more than the sample’s average of 75% percent of their weekly effort to these activities 

were significantly less productive than the rest of the teams, which allocated their effort 

more evenly.  A hypothesis test using the t-distribution shows that the first, third, and 

fourth most productive teams could not be considered as drawn from the same population 

as the remaining seven teams with a p-value of 0.0218, which is less than the confidence 

level of 0.05.  This was done considering equal variance of the samples, since, again, an 

F-test for equal variance did not provide evidence to reject the hypothesis that the 
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variances are different.  Table 13 shows the average weekly effort allocation of the 

activity groups of interest with the corresponding phase. On average, student teams spent 

79% of the front end’s design effort on conceptual problem definition and idea 

generation, and 75% of effort at the back end on detailed engineering analysis and design 

refinement.   Given the variability in the sample, the true means of these effort allocations 

are greater than zero at a 99% confidence level.  Table 13 presents the rest of time 

allocations to give an idea of the relative magnitudes.  Appendix E presents average 

effort allocation for each of the activities and their design levels. 

Table 13. Average Percent Weekly Effort Allocation for the Sample Grouped per Phase. 

 Phases (project weeks) 

 Front End 
(weeks 1 to 3) 

Transition 
(weeks 4 to 6) 

Back End 
(weeks 7 to 15) 

C/PD – C/IG 79.2% 31.3% 4.0% 

C/EA – C/DR 2.4% 11.5% 2.7% 

S 7.4% 11.5% 7.3% 

D/PD – D/IG 6.3% 18.2% 11.1% 

D/EA – D/DR 4.7% 27.5% 75.0% 

Two Sufficient but not Necessary Conditions for a Productive Process 

Combining the rankings on the two dimensions shows that the conditions are 

sufficient but not necessary.  All teams that front-loaded are highly productive, but the 

team with the highest productivity did not front-load.  On the other hand, all teams that 
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did not have the back end phase dominated by D/EA – D/DR had higher productivity, but 

the second highest did have its back end phase dominated by the activity combination.  

The six least productive teams had allocated less time per week before selecting an 

alternative than after, and during the second half of the project timeline they had mostly 

evaluated or refined design details.  This combination produces one necessary and 

sufficient condition for lower productivity teams.  These teams clearly relied mostly on 

D/EA and D/DR to achieve an acceptable design, and they were the least productive 

teams (Table 14). 

Table 14. Projects Ranked on Productivity and Classified on Both Measures. 

D/EA – D/DR Dominate Back End Phase? 
 

Yes No 

Front Loading Ratio > 1 2nd 3rd, 4th 

Front Loading Ratio < 1 5th, 6th, 7th, 8th, 9th,10th 1st 

 

Allocating more effort per week before convergence and extending the front end and 

transition phases into the back end phase (by delaying the evaluation and refinement of 

details) are actions to take in order to improve productivity, as they are best-in-class for 

the sample. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

The extant literature on iteration provides insightful definitions and categorizations 

useful to better understanding the phenomenon.  However, the taxonomies do not seem 

very helpful in answering the question of whether iteration is absolutely necessary, and if 

so under what conditions and with what consequence.  In an effort to further explore 

iteration, this thesis presents a new classification to directly address this question that 

delineates rework from design and behavioral iteration types.  

Rework iteration does not help the design evolve towards the intended goal because it 

focuses on recovering from previous design errors or poor alternative selection.  Design 

iteration focuses on the evolution of the design through abstraction levels while 

behavioral iteration explores design space through alterations on scope.  The implications 

derived from this framework are to avoid the causes of rework iteration (identifying 

errors at the source) by 1) performing design iteration to evolve design definition in 

intermediate levels, not just concept and detail levels; and 2) performing behavioral 

iterations to more thoroughly explore alternatives, in parallel to reduce design lead-time. 

Analysis of actual design data from student projects corroborates the usefulness of these 

implications.   

The first implication of the iteration framework, to perform design iterations without 

skipping design levels, relates to the importance of the transition phase in the process and 

specifically to the role that system level work plays.  Data analysis provides empirical 
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support for the implication because generating ideas and defining the problem at system 

level present the highest positive association with increased productivity. 

The second implication also presents the generation of ideas concerning interfaces 

and configuration of the alternative solutions, even if not selected, as associated with 

productivity.  For these non-chosen alternatives, defining the problem at a conceptual 

level adds time without improving quality, and the same applies for refining design 

details.  However, evaluating the ideas generated at the system level does not increase 

time substantially but relates with lower productivity.  This seems to indicate that system-

level engineering analysis relates to lower quality designs, maybe because it leads to poor 

alternative selection, and joins the activities that should be avoided for a more productive 

design process. 

The data present patterns that indicate three distinct phases based on how teams 

allocate design effort.  A front end phase practically consists of defining the problem at a 

conceptual level, which the data show is productive as long as it is not part of alternative 

exploration, and generating ideas for possible design solutions.  A back end phase, which 

in the data accounts on average for more than half of a project’s timeline, is mostly 

evaluating and refining design details.  In the data, the back end phase thus defined is not 

productive: it associates strongly with total project effort while not associating at all with 

increased quality.  Analysis on both recommendations indicates that the key for a 

productive process lays on system level work.  While the teams in the sample spent an 

average 7.67% of their effort at this level, activities at this level associate with final 

productivity, both high (system idea generation) and low (system engineering analysis). 
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A possible design process model that incorporates these findings would focus mainly 

on extending the front end and, more substantially, the transition phase further into the 

timeline.  Each of these phases lapses 3 weeks in the data, adding up to only 6 of the 15 

weeks of a project’s timeline.  The pattern should probably reverse, allocating 

approximately the last 3 weeks of the timeline to the back end or design completion 

phase.  The transition phase and system level design in particular, should increase their 

current effort allocation both in terms of timeline and weekly effort.  

Both recommendations lead to a possible model for a productive design pattern (Fig. 

14).  The results suggest that allocating effort at defining the problem at a conceptual 

level, without relating it to specific alternative solutions, is representative of a higher 

productivity process.  It seems then that this activity, which occurs most notably during 

the front end phase, should be emphasized in models of the design process that attempt to 

increase productivity. 

While this is possibly a commonly accepted result, the present data analysis does 

show that this activity performed simultaneously with the generation of ideas is common 

among students and particularly among the more productive teams, as opposed to the 

assumed need to complete the problem definition first and, when done, generate ideas.  

This might be a result of representing the process using flow charts, which is not flexible 

enough to represent simultaneous task execution.   
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Figure 14. Diagram of the Design Process Proposed to Enhance Productivity.  

 

Generating qualitatively different approaches to a problem when defining subsystems 

for a particular concept, and defining their configurations and interfaces plays a pivotal 

role since it is important to repeat this activity at this abstraction when performing both 

design and behavioral iterations.  On the other hand, evaluating existing interfaces or 

configurations plays the opposite role and associates with lower productivity.  Both 

activities appear mostly during the transition phase, but have also some presence during 

the front end.  The design process models should then consider this phenomena and 

encourage system idea generation and eliminate system engineering analysis, which only 

accounts for a few hours at most. 
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The proposed design model only contains one milestone, which is the selection of an 

alternative to develop it to completion, as the final design.  This milestone is present in 

most of the teams in the sample projects in a very condensed period of time, although not 

a milestone in the pure sense of the word, as an event of zero duration; because of its 

characteristics, it could be considered a fuzzy milestone.  The evaluation of all and 

selection of one alternative is performed at the conceptual level.  This indicates that the 

sequence of design levels is not sequential, following a concept – system – detail format, 

but rather presents concept and system level work as occurring simultaneously.  The 

selection of a conceptually different final alternative design indicates the fuzzy end of 

this concept – system tandem.  It should be noted that the selection and evaluation of 

alternatives seems effective when performed at the concept level, taking into account the 

overall picture and not just each alternative’s configuration.  At the same time, this 

decision made at the concept level needs to be informed by activities at the system level, 

because the greater picture needs to include configuration and interface issues and 

establish configuration feasibility before committing to one alternative (Sobek et al. 

1999).  This observation might explain why engineering analysis at a system level is 

counterproductive.   

It is expected that in a process that adheres to these guidelines detail level work will 

only be necessary to complete the design, and not to address interfaces issues or 

infeasibilities in concept or configuration.  This is suspected to reduce substantially the 

amount of hours allocated to this level, which for the sample is almost 73% of total effort 

allocation.   
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Future Work 

The limited sample size on which this analysis rests is the main limitation of the 

results, which indicates that future work should first increase the sample projects 

available to provide more degrees of freedom for this type of analysis.  I have also 

received comments on the possible implications of considering the data on an individual 

versus team aggregated data, which increases degrees of freedom but may result in 

artificially creating variance.  An individual is not an artificial unit, but there is no data 

available on each individual’s productivity since the quality scores were per team.  

Another important limitation that stems from the nature of the data used is possible bias 

due to subjective coding of activities, design levels, and scopes.  While the analysis does 

not seem to indicate there is a problem of biased data, it is hard to determine with a 

relatively small sample.  The results should then be evaluated with artificial variance and 

possible bias stemming from subjective coding in mind. 

Whether these results are broadly applicable to mechanical engineering capstone 

design processes would require additional samples to validate the models and correct 

them if necessary.  As far as extrapolating the results to other fields, such as industrial or 

electrical engineering, the coding needs to be validated first on samples from these other 

fields to determine if the activities and design levels represent the same design issues.  

Once the coding is validated across design disciplines, samples from these disciplines 

should be used to validate the model – or the applicability to the discipline.  If the model 

does not fit other design disciplines, and the samples from these other disciplines can 
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form a significantly different model, the applicability of the models presented here will 

be limited to mechanical capstone courses.   

As far as limitations from having only a sample from a specific university, the results 

can only be considered general to capstone design courses for mechanical engineering at 

Montana State University.  Until samples from other universities are used to validate the 

model and the model survives, these results are particular to the setting in which the data 

was collected. 

Finally, while the results might be applicable to engineering student designers in an 

academic setting, they may not directly apply to product development organizations until 

the guidelines are validated against actual practice because of the inherent inexperience 

of engineering students.  Another approach might be to perform a designed experiment to 

apply these guidelines to a project in a product development environment and evaluate 

the results in comparison to other projects developed at the same time, as a control group.   

In any case, these results are consistent with my professional experience in automotive 

component product development in an international environment, which was the basis for 

the framework in the first place. 

In the present thesis, system-level work associates both with higher and lower 

productivity depending on the activity performed and the scope on which it is performed.  

This seems to indicate that a useful next step is to further the understanding of system 

level work through continued research.  Another area of interest for future research is the 

role representations play in engineering design and how they may play an important role 

in the effectiveness and efficiency of system-level design. 
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DESIGN ITERATION ANALYSIS 
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FACTOR ANALYSIS ON TEAM AGGREGATED DATA 

���������	�
��������
����������������������
�������������������

�

��������������������������������

�
�
�

������������� ����������������������!��������"�#$����������"�#�
�

��������������%�  ���������
������������������������
�

#����&'(#))*))&����*'$&&(*(*(��������*'$+(,��������*'$+(,�
$����&'#+$#*#)*����#'#(&$&++&��������*'$,)$��������*')(-+�
&����$'*&++,$,.����*')-#*))-,��������*'#,--��������*'.#-.�
(����#'((.+*,.#����*'(+&&-$.,��������*'#$*.��������*'+(*(�
)����*'-,((#&-)����*').&,.,--��������*'*+*(��������*'-$*.�
,����*'&-*.&,-,����*'*)+,,--.��������*'*&$,��������*'-)&&�
.����*'&&$*,,--����*'#+.((&,#��������*'*$..��������*'-+#*�
+����*'#((,$&&-����*'*+,&*.&+��������*'*#$#��������*'--&*�
-����*'*)+&#,*#����*'*&++-)#(��������*'**(-��������*'--.-�
#*���*'*#-($*+.����*'*#&$.)((��������*'**#,��������*'---)�
##���*'**,#()(&����*'**,#()(&��������*'***)��������#'****�
#$���*'********����������������������*'****��������#'****�

�
(� ������/����0�����������0�����������1�����������'�

�
�

������
�������
�

������������������#��������������$��������������&��������������(�
�

�2
%��������3*',,+&#���������*',$.()���������*'$(.++���������*'#&,*+�
�2�1���������*'(-$*(���������*'.($)(���������*'#+#+-���������*'#&(-)�
�2����������3*'.,(($���������*'$)*&,���������*'((*)*���������*'#**(#�
�2%	���������*'$-,.,���������*',-#,(��������3*'&-*+#���������*'(((.#�
42
%��������3*'&(*,$���������*'+#,&(��������3*'*.*&)���������*'*+,.,�
42�1��������3*',#($$���������*'$#.(#���������*'),)))��������3*'&#+,-�
42�����������*'&)+$&���������*'#-*(#���������*'.+#&&���������*'&&-,.�
42%	���������*'&$,#)���������*'.&(#&��������3*'(,,$*��������3*'*.*.(�
%2
%���������*')-#,*���������*'&&,-(���������*'#&+-#��������3*'(&-.#�
%2�1���������*')).+,���������*'#++&&���������*'&$*)(��������3*',+$##�
%2�����������*'&,(*#��������3*')*,-)���������*'$(--(���������*')#+-&�
%2%	���������*'.$-+&���������*'*&&#)���������*')#*&(���������*'$#(#&�

�
�

5��������!��������0������������
�

�����#��������������$��������������&��������������(�
�

&'(#))*))�������&'#+$#*#)�������$'*&++,$.�������#'((.+*,.�
��������



 

87 

4����
����� �������������

�

��(�6�
����7�
����7�
����7������������������#�
����7�������������������������$�
��&�6�
����7�
����7�
����7�
����7�
��$�6��������������������������������&�
����7�
����7�
����7���������������������������������������(�
����7�
��#�6����������������������������������������������)�
����7�
����7�
����7�����������������������������������������������������,������.�
����7�������������������������������������������������������������������+�
��*�6��������������������������������������������������������������������������-������
����7�
����89999999999969999996999999699999969999996999999699999969999996999999699999969999996�
����������������*������#������$������&������(������)������,������.������+������-������

�
�
�
�
�

�����������������������������������"�#*'*+($.,�
�

�2
%�������������2�1�������������2���������������2%	������������42
%������������42�1�
�

*'-$*&*&#(�����*'+((..$))�����*'+)##(&&)�������*'-#,-&*+,������*'.-(-#,#*������*'+()-(*(-�
�

42��������������42%	������������%2
%������������%2�1������������%2��������������%2%	�
�

*'+-*($.-)�����*'+,.,.))(������*',.,#,.*)������*'-#(,+.,,������*'.$#$)+$-������*'+(**)&($�
�
�

4���������  �����������������0��	����������
�
�

4:����������������������������� �����5����0����/��������������
�

�����#��������������$��������������&��������������(�
�

#'*******�������#'*******�������#'*******�������#'*******�
�
�
�



 

88 

4��������;���4���������  �������
�

�������#��������������$��������������&��������������(�
�

�2
%���������*'#*#*,���������*'$##,)���������*'(,-#.���������*'$--&.�
�2�1��������3*'*#-)#���������*'$$)&+��������3*'#*$(*��������3*'*$**#�
�2����������3*'**+$$���������*'*+-#-���������*'(,+)-���������*'$#+).�
�2%	���������*'&.&.+���������*'$&#&(���������*'#((&-���������*')*).&�
42
%��������3*'&,),.���������*'$(&)+��������3*'&(,*&��������3*'#$(#)�
42�1��������3*'.(#,-���������*'*(*-&��������3*'&+*.+��������3*',*-*#�
42�����������*'&,()#���������*'*.$)*���������*',+.&(���������*'(#(&#�
42%	��������3*'#()&-���������*'$#+-,��������3*')#*+&��������3*'$#))-�
%2
%��������3*'*$)*-���������*'*-,$$��������3*'#,(#,��������3*'((*-,�
%2�1���������*',),+$���������*'*+&$(���������*'.&)$-��������3*'#$-),�
%2����������3*'#)*+&��������3*'#.#+,��������3*'#.+-(���������*'#+*$,�
%2%	���������*'*****���������*'*****���������*'*****���������*'***** 

�
�

������4�����
�

�����2#� �����2$���������2&� �����������2(�����������2
����
�3,',$-� �('*($� �����3#*'(*&� �������3('($+���� *'*#&&�
3##'-.#� �*'#$$� �������$'#&$� �������$('.$&��� *'*#$*�
�3-'*&(� �+'*)(� ������#('$$)� �������#,'.*(��� *'*&)*�
3$.'*&+���3$*'+&&� �����3#,').&� �������&('*++��� *'*&**�
3$*'&.*���3#)'((-� �����3#.'(*(� �������$&'*.#��� *'*#+-�
3#*'($*����$.'(&(� ������3$'.&$�� ��������)'-.#��� *'*$+#�
�3,'+*,����##',+$� �������+'#$&�� ��������-'+&*��� *'*$$+�
3##'.-,����3,'..-� ������3*'-$)� �������$*'*(,��� *'*#((�
�3,'.#-� �#'.)$� ������3,'$(.� �������3.'*,&��� *'*$++�
��*'&)(� �&'+)#� �������*'&#)� �������3-')()��� *'*#)&�
��('&-,����$*'$..� ������#)')&)� ������3#)'-.+��� *'*$)*�
�



 

89 

MULTIVARIATE LINEAR REGRESSION MODEL: TEAM AGGREGATED 
FACTORS VS. PRODUCTIVITY 
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MULTIVARIATE LINEAR REGRESSION MODEL: INDIVIDUAL DATA, DESIGN 
LEVEL-ACTIVTY CODES VS. PRODUCTIVITY 
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APPENDIX B                                                      

BEHAVIORAL ITERATION ANALYSIS 
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FACTOR ANALYSIS ON INDIVIDUAL DATA 
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MULTIVARIATE LINEAR REGRESSION MODEL:  INDIVIDUAL DATA, DESIGN 
LEVEL-ACTIVITY CODES VS PRODUCTIVITY 
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APPENDIX C                                                      

EFFORT ALLOCATION IN THE SAMPLE 
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WEEKLY AVERAGE TIME ALLOCATION PER ACTIVITY AND DESIGN LEVEL 

The percentages presented are the averages, over the sample of teams, of the 

percentage effort allocation per activity per week.  For a given team, effort allocation 

adds to 100% across activities, but not in this table as it presents the averages for the 

sample.  The shaded areas indicate percent allocations lower than 10%, to visually 

indicate which activities dominate a given week.  Note that the front and back ends are 

dominated by C and D activities respectively, while the transition phase (weeks 4 to 6 

inclusive) spreads more evenly across design levels. 

 
  Weeks 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

CPD 46% 62% 55% 30% 17% 21% 14% 12% 6% 7% 2% 2% 1% 0% 0% 

CIG 21% 16% 15% 17% 9% 2% 0% 5% 1% 0% 0% 0% 0% 0% 0% 

CEA 1% 3% 2% 9% 6% 4% 8% 0% 5% 4% 2% 1% 0% 1% 0% 

CDR 0% 1% 0% 4% 2% 4% 2% 1% 1% 1% 1% 0% 0% 0% 0% 

SPD 0% 0% 1% 0% 1% 1% 5% 2% 6% 2% 2% 0% 0% 2% 0% 

SIG 1% 8% 2% 5% 13% 2% 8% 1% 2% 1% 3% 1% 1% 0% 3% 

SEA 0% 1% 3% 3% 2% 1% 1% 0% 0% 2% 1% 1% 0% 0% 0% 

SDR 0% 3% 2% 1% 5% 1% 4% 4% 4% 3% 5% 0% 1% 5% 0% 

DPD 1% 1% 11% 13% 14% 21% 11% 17% 14% 10% 7% 6% 4% 5% 0% 

DIG 0% 1% 2% 4% 6% 6% 3% 3% 4% 4% 3% 1% 1% 1% 0% 

DEA 0% 2% 3% 14% 15% 19% 15% 18% 22% 30% 26% 34% 40% 41% 17% 

DDR 0% 2% 5% 2% 9% 18% 30% 15% 34% 38% 47% 54% 52% 45% 37% 
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WEEKLY MINIMUM TIME ALLOCATION PER ACTIVITY AND DESIGN LEVEL 

The objective of this table is to indicate the minimum time allocations per activity per 

week across the sample to indicate which activities had effort allocated to them by any of 

the teams in the sample for a given week.  This approach was preferred to a standard 

deviation due to the non-normal distribution of effort allocation.  Note that only C/PD 

and C/IG had effort allocated to during the front end for any of the teams in the sample, 

with the same happening for D/EA and D/DR at the back end.  The non-shaded areas 

indicate the effort allocated is greater than zero. 

Weeks 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

CPD 0% 12% 17% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

CIG 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

CEA 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

CDR 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

SPD 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

SIG 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

SEA 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

SDR 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

DPD 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

DIG 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

DEA 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 4% 0% 

DDR 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 3% 6% 3% 0% 
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WEEKLY MAXIMUM TIME ALLOCATION PER ACTIVITY AND DESIGN LEVEL 

The maximum effort allocation for each activity per week indicates which activities 

were not allocated any time for a given week.  The shaded areas indicate zero effort 

allocation.  Although most activities had some effort allocated to them by at least one of 

the teams, large effort allocations per week are consistent with phase definitions: C/PD 

and C/IG dominate the first three weeks or front end, the following three weeks or 

transition phase presents a more even distribution of effort, and the second half of the 

project or back end is dominated by D/EA and D/DR.  Notice that some teams did not 

follow the phases, as at least one team was heavily investing time on C/PD as far as week 

10.  However, these phases help describe the overall effort-allocation patterns in the 

sample. 

 
Weeks 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

CPD 100% 100% 100% 87% 60% 100% 100% 100% 36% 80% 19% 17% 10% 6% 0% 

CIG 100% 74% 52% 47% 38% 20% 2% 72% 14% 2% 2% 0% 0% 2% 0% 

CEA 8% 23% 13% 64% 28% 28% 62% 0% 39% 51% 14% 12% 2% 11% 0% 

CDR 0% 9% 3% 23% 8% 52% 23% 13% 9% 9% 13% 0% 0% 0% 0% 

SPD 0% 1% 10% 3% 9% 7% 44% 22% 65% 17% 27% 1% 5% 25% 0% 

SIG 10% 24% 12% 13% 80% 10% 71% 14% 14% 6% 37% 5% 12% 7% 45% 

SEA 5% 6% 32% 22% 12% 4% 8% 0% 2% 13% 6% 5% 3% 0% 0% 

SDR 0% 17% 14% 8% 38% 6% 23% 50% 14% 28% 71% 3% 3% 64% 0% 

DPD 11% 6% 72% 49% 50% 100% 40% 61% 81% 41% 34% 19% 19% 37% 0% 

DIG 0% 11% 11% 21% 31% 43% 18% 19% 21% 24% 19% 6% 9% 12% 0% 

DEA 5% 15% 24% 56% 75% 51% 88% 100% 80% 99% 88% 86% 93% 69% 76% 

DDR 2% 11% 39% 14% 65% 84% 100% 59% 83% 98% 98% 100% 98% 78% 100% 
�
�
�
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APPENDIX D                                                      

FRONT LOADING ANALYSIS 
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SAMPLE CLASSIFIED ON VALUE OF RATIO  

t-Test 
( p-value: 0.002 ; reject hypothesis that means are the same ) 
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This t-test excludes the most productive team, which is an outlier, as will be apparent 

in the linear model of the ratio explaining productivity.  The averages are significantly 

different for the two groups. 
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 LINEAR MODEL OF RATIO EXPLAINING PRODUCTIVITY 

Average Productivity vs. Effort Allocation
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The most productive team is a clear outlier in the association between the front-

loading ratio and average productivity.  The rest of the projects in the sample do present a 

linear pattern that explains 60% of the variance in productivity. 
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PERCENT DESIGN TIME BEFORE CONVERGENCE AND PRODUCTIVITY 

Average Productivity
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Percent design time spent before convergence does not present any pattern of 

association with productivity.  Scope may play an important role as a discerning factor. 
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APPENDIX E                                                      

DETAIL LEVEL WORK AT BACK END 
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TIME DISTRIBUTION BY ACTIVITY AND DESIGN LEVEL 

The chart visually indicates the percent of total time for the sample that corresponds 

to each activity.  Note that 37.31% of the cumulative design time for the entire sample 

was allocated to D/DR.  The second highest time allocation falls on D/EA.  The 

combined effort allocation for the D/EA – D/DR combination is therefore 61.3% of 

cumulative design time for the sample.  Almost two thirds of the time spent corresponds 

to only two of the twelve activities, indicating effort is not evenly distributed. 
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GROUP AVERAGES FOR EFFORT DISTRIBUTION 

The sample can be divided in two groups based on their time allocation strategies.  

The shaded areas in gray indicate effort allocation of more than 80% for the time period, 

while the areas shaded in green are for effort allocations of more than 20%.  Note the 

averages of percent effort allocation for the two groups differ in the activity that 

consumes more than 80% of the effort for a given time period.  In both groups, the 

transition phase from weeks 4 to 6 inclusive presents a more spread allocation of effort.  

The two effort allocation strategies differ significantly on average productivity, as 

confirmed by a t-test.  As seen in the previous chart, most effort is allocated to D/EA – 

D/DR, which makes the difference in effort allocation more substantial in absolute terms 

than for other activities. 

Back End Dominated by D/EA – D/DR Rest 
  Phases (weeks)   Phases (weeks) 
  1 - 3 4 - 6 7 - 15   1 - 3 4 - 6 7 - 15 
C/PD - C/IG 69.4% 21.0% 1.1% C/PD - C/IG 89.8% 46.0% 9.9% 
C/EA - C/DR 1.9% 8.5% 0.2% C/EA - C/DR 3.2% 3.9% 1.3% 
S 10.6% 10.3% 2.9% S 3.4% 20.1% 11.4% 
D/PD - D/IG 9.8% 20.3% 8.0% D/PD - D/IG 2.8% 24.8% 16.4% 
D/EA - D/DR 8.3% 39.9% 87.7% D/EA - D/DR 0.8% 5.2% 61.0% 
Avg. Prod. 0.0180     Avg. Prod. 0.0294     

 


