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 Representation in Design: Data from Engineering Journals

Durward K. Sobek, II

Abstract ( Since Fall 2000, mechanical engineering students at Montana State University have been required to keep design journals of their senior design projects.  The journals are being used now to investigate student design processes.  Of particular interest is the representations students use to reason about their design problems at different levels of abstraction.  We developed a scheme to code the journal data by three design levels (concept, system, and detail) and have applied it to six the team projects (21 individual journals).  We then performed a frequency analysis of the different representational forms for design information found in the students’ design journals.  This paper describes the coding scheme and development, and reports some preliminary findings from the analysis.  

Index Terms ( engineering design, design education, design representation, journals.

Introduction

Design is one of the quintessential characteristics of the practicing engineer.  It is perfectly appropriate, then, for it to hold a prominent position in engineering education—most engineering programs in this country culminate in a significant design project as the capstone of the degree program.  Also, ABET places special emphasis on design in its accreditation evaluation criteria for engineering programs [1].

The activities that typically fall under the category “design” consist of analysis activities, that is, making some determination about an existing idea or solution, and synthesis activities—generating a new idea to address an identified problem.  While a good deal of research has looked at design, and there is much we know about good design and good design processes, there is still much we do not understand about the synthesis process.  Therefore, it seems if we want to help aspiring engineers become proficient designers, it behooves us to delve into the human synthesis process, to really get at the basic fundamentals of what enables synthesis, what hinders it, and what tools and skills are requisite.

Two streams have converged in an ongoing project to better understand design processes, particularly those used by (and presumably taught to) engineering students.  The first stream is the role of representation in design cognition.  As explained in the next section, how ideas and information are represented can affect the approaches and solutions the problem-solver “sees” in the course of problem-solving.  The second stream deals with reasoning at different levels of abstraction.  In the course of tackling a design problem, engineers must typically be able to work at multiple levels, from the abstract and nebulous ‘needs’ and ‘problem definition’ phases, to the detailed and concrete engineering drawings and prototypes.  This author’s experience, however, has been that many engineers and student engineers struggle to work at higher levels of abstraction, and struggle even more at integrating the high and detailed levels.  These two streams converge in that the answer of the latter may be in the former: perhaps engineers tend to struggle with more abstract levels of design because of the lack of representational tools and/or skills to reason efficiently at these higher levels of abstraction.

This paper represents a preliminary attempt to look at some design process data collected from senior ME design capstone projects from this confluence of perspectives.  What can we learn by looking at the representations used while working at different levels of abstraction in design?

Background

A stream of research in cognitive science has studied the very important role that external representations play in problem solving.  Problem-solvers use representations of problem spaces (written descriptions, diagrams, flow charts, mathematical equations) and of solution spaces (requirement lists, sketches, schematics, programming code, quantified entities) in their solution approaches [2]-[4].  A number of studies have concluded that the expert problem-solver is often the person “with a better map”—that is, a better representation [5].

Sociocultural theory, initially developed by Soviet psychologist Lev Vygotsky and furthered by his students and others, emphasizes that humans do not construct knowledge (the foundation of human cognition) through individual, internal processes.  Rather, the theory posits that knowledge emerges from the interaction of social and individual processes, that knowledge is co-constructed through this interdependence [6].  One of the centerpieces of the sociocultural framework is the importance of semiotic mediation in human development [7].

Semiotic mediation refers to the use of language, counting systems, mnemonics, symbol systems, writing, diagrams, and other signs and symbols in human cognition.  Vygotsky and his followers argue that knowledge is not internalized directly, but through the use of so-called “psychological tools” appropriated during the course of intellectual development (also called “cultural tools”).  These tools are not developed by the individual in isolation, but rather, like language, emerge as products of sociocultural evolution. A psychological tool in sociocultural discourse is virtually any instrument connected with conceptual thought—calendars, the computer, maps, mechanical drawings, and works of art to name a few. One’s mental functioning is tied to the cultural and social settings in which the individual masters the tools s/he uses to help reason through a situation.  The tools become carriers of the sociocultural patterns of knowledge, which the individual actively engages and at the same time influences.  

When we look at engineering problems, and design problems in particular, we see solutions and solution approaches rife with psychological tools: isometric sketches, schematics, free-body diagrams, stress-strain diagrams, specifications, engineering drawings, bills of materials, mathematical equations, physical models, technical reports.   So sociocultural theory seems to have special relevance to engineering and engineering education.

More recent work in design cognition recognized the important role representation plays in the design process. Zhang [8] distinguishes between external and internal representations of knowledge.  External representations are knowledge and structure in the environment (or external to the mind), such as physical symbols, objects, relational configurations, while  internal representations are knowledge and structure stored in memory, such as propositions, deduction, and schema.  His studies show that both are important for effective problem-solving.  Eastman [9] posits that learning and mastering new representations are central to developing design expertise, and suggests that deepened understanding of “representation-dependent capabilities” will advance work in all design fields.  Akin [10] builds on the notion that design representations embody design knowledge and learning in his comparison of architectural versus engineering representation.  Goldschmidt [11] reports on the power of visual analogy in solving ill-defined design problems.

This project contributes to this thread of research by collecting emprirical data on representations students actually use in their capstone design projects.  I hypothesize that while students have many representational tools available for reasoning about detailed design, they employ fewer tools (or representational forms) at the more abstract conceptual and system design levels.  

Design Research Methods

Researchers have used a number of methods to study design processes.  Bucciarelli [12] directly observed engineers in the course their work.  Atman and Bursic [13], Cross, et al. [14], and others have used protocol analysis—subjects work on a design while talking aloud, and the investigators audio or video tape the activity, then analyze transcripts of the tapes.  Such analysis enables a fine-grained look at design activity.  Other approaches are retrospective.  An investigator can build a case study through interviews of design participants about the project, or piece the project together from design documentation, or ask the design participant to document how the project progressed, or use some combination [15].  Waldron and Waldron [16] offer a “depositional method” that combines protocol analysis and interviews—the researcher takes “depositions” from the design participants at specific junctures in the design process.  

Each of these approaches has its difficulties when attempting to study student design processes.  Direct observation is time intensive, so sample size is necessarily limited.  Additionally, direct observation is difficult when design participants can meet just about anywhere and at all hours, and without influencing the student interaction, especially if the observer is a professor.  Protocol analysis is equally difficult.  The feasibility of recording design activity over the 15-week semester is questionable, and the tapes that are made must be transcribed, a time-consuming task in itself.  Using retrospective approaches with students, especially seniors, is difficult because they tend to graduate and leave; plus retrospectives typically do not yield data at the level of detail desired for this study.

Because of these difficulties, we decided to collect design process data by requiring students to keep design journals as part of the capstone design course.  Engineering journals (or engineering/design notebooks) were once standard practice in professional practice and education, yet few studies use journals to investigate design processes (although certainly design journals are in use in many design courses [17]-[19]); in fact, this author could find no studies of engineering design journals. In recent years the practice of keeping engineering journals has waned as digital technologies have created new ways to represent and store engineering information.  Fortunately, the ME faculty at Montana State University were sympathetic to journaling, and agreed to re-institute them with support from this project.  

We’ve collected journals for three semesters (Fall 2000, Spring 2001, and Fall 2001) in ME 404: Mechanical Engineering Design II, and now have over 70 journals on 21 projects.  The Fall 2000 journals were of low quality for reasons explained in a companion paper [20], and we have not yet looked at the Fall 2001 journals, so only the Spring 2001 journals have been analyzed.  

Course Background

ME 404, the senior design capstone course, is a 4-credit, one-semester (15 weeks) course.  An instructor facilitates the course, meeting with the class once per week to cover course logistics and communicate deadlines and reporting requirements.  The students are assigned to teams of 3-4, each team working on a different project.   Most projects are sponsored by outside organizations. Each team meets weekly with a faculty advisor (who could be the course instructor).  Typical of many senior design courses, each team must interact with a client to define his needs, devise a solution to meet those needs, and deliver a product (written report, set of engineering drawings and specifications, oral report, and sometimes a hardware prototype) by semester’s end.  

Journals constitute 15% of each student’s grade for the course. The journal grade is the only individual component of the grade (the remaining 85% are group grades).  To increase the quality of journals, the students are required to submit journals periodically for a “journal check” roughly five times over the semester.  The journal content since the previous check is evaluated using a rubric [10].  Students are given feedback in the form of written and oral general exhortations to address deficiencies, but care is taken not to direct the students to record specific kinds of information or to record it in certain ways (e.g., “this entry seems sparse for a two-hour meeting” rather than “take more notes”).  The only format requirements placed on the students are to: date each entry, record the start and stop times of each entry, and start each day on a fresh page.  We also ask them to use ink, use contiguous pages and refrain from stapling computer printouts into the journals.

The remainder of this paper describes the coding scheme used to analyze and quantify the journal data, presents some preliminary results and their implications, and discusses future directions and limitations of this line of inquiry.

Coding Scheme and Development

Authors in the area of engineering design often characterize the design process as a series of overlapping phases (e.g., Ulrich and Eppinger’s [21] generic product development process has 6 phases: problem definition, concept design, system-level design, detail design, test and verification, and production).  Typically these phases start an abstract level and over time transition to more detailed, concrete levels.

One of the research questions we want to address with this course of inquiry is how do student designers reason at different levels of abstraction.  We defined three levels of design based roughly on Ulrich and Eppinger’s generic process [21], although several other design texts have similar breakdowns.  The three code levels (concept, system, and detailed design) attempt to capture high, medium, and low levels of abstraction. 

Code definitions were developed interactively by the research team consisting of the author and two undergraduate research assistants [22] (see Table 1).  Concept design occurs when problems or sub-problems are addressed with new ideas or approaches.  Some activities at the concept level include: identifying customer needs, establishing the target specifications of the problem, and generating, testing, and selecting concepts.  Activities in system-level design address the definition and configuration of subsystems and their interfaces (i.e., system architecture).  Detail design activities look at individual components in the subsystems and focus on quantifying specific features required to achieve a particular concept.  These activities include defining part geometry, specifying tolerances or dimensions, and material selection.

Table 1

Design Level Code Definitions

	Code
	Definition

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

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

	Detail (D)
	Quantifying specific features required to realize a particular concept


Next, we identified 8 categories of design representation based on the students’ actual records of their design projects as documented in journals.  The representation categories are listed and defined in Table 2.  

Coding and Analysis

Journal coding proceeded in two stages.  In the first stage, the two undergraduate research assistants took the lead, each coding journals on design level.  Before getting into the journals, they read and studied the team’s final written report.  Once the senior researcher was satisfied they had a good understanding of the overall project, they coded all 3 or 4 journals for the team simultaneously, one day at a time.  So, for example, they would read and code team member A’s Jan. 31 entries, then team member B’s Jan. 31 entries, and so on before moving the any team member’s Feb. 1 entries.  This way they could cross-reference journal entries, have a better picture of all that was happening at a given point in the project, and code each event consistently.  Often journal entries for the same event in two or more journals disagreed.  We developed a set of rules for dealing with such discrepancies so as to treat each case consistently.

Table 2

Design Representation Category Definitions

	Representation
	Definition

	Written Word
	Explanation of design/sketch; list of design requirements; written critique; brainstormed ideas

	Sketch
	Hand-drawn graphic

	Computer rendering
	Computer-drawn graphic

	Prototype
	Physical fabrication

	Mathematical
	Hand-written equations and calculations; MathCAD

	Chart/graphs
	Excel

	Specialized Software
	Ansys, Trace700, RSLogix, etc.

	Other
	Hardcopy from sponsor; class handouts


Coding and Analysis

Journal coding proceeded in two stages.  In the first stage, the two undergraduate research assistants took the lead, each coding journals on design level.  Before getting into the journals, they read and studied the team’s final written report.  Once the senior researcher was satisfied they had a good understanding of the overall project, they coded all 3 or 4 journals for the team simultaneously, one day at a time.  So, for example, they would read and code team member A’s Jan. 31 entries, then team member B’s Jan. 31 entries, and so on before moving the any team member’s Feb. 1 entries.  This way they could cross-reference journal entries, have a better picture of all that was happening at a given point in the project, and code each event consistently.  Often journal entries for the same event in two or more journals disagreed.  We developed a set of rules for dealing with such discrepancies so as to treat each case consistently.

Once the research assistants had coded an entire team on design levels, the lead researcher (myself) carefully reviewed the coding.  Like the research assistants, I went through all 3-4 journals for a team simultaneously, one day at a time.  I kept a running log of all errors found and any disagreements I had with the coding on a separate sheet of paper.  The research assistant and I then discussed each item until we reached agreement, and made corrections to the coding as necessary.

The second coding phase concerned representations.  We decided to use frequency of occurrence as our primary measure.  The research assistant went through each day of the journal and recorded whether each representation occurred, and whether it was at the concept, system, or detailed design level (based on previous coding).  Thus, whether the student had drawn one sketch or five sketches on a given day, “sketch” representation received a count of “1” for that day.  For this analysis, all project management (e.g., task assignments), presentation preparation, and report writing were excluded.

A data log sheet was created for collection purposes, and the counts recorded by hand.  After double-checking their own work, the two research assistants then swapped journals and performed a random spot-check to validate consistency.  They randomly selected 7 days over the semester using a random number generation method, and independently tallied the representation counts for that day.  The first check resulted in 85% accuracy.  The two research assistants discussed the discrepancies, arrived at consensus, then coded two more journals.  The validation check resulted in 92-94% accuracy. 

Results and Discussion

Twenty-one journals over six projects were analyzed in this manner.  Then the representation counts from the data log sheets were tallied and entered into an Excel spreadsheet for analysis.  The data shown in Figure 1 are the occurrence rates of each design representation across the three levels of design  for the semester averaged across the 21 journals.  Due to the quantification convention used, “number of occurrences” is the number of days over the semester that the student used a representation in a given category at least once. Thus the average student journal in the sample represented some aspect of the project design using written word on 15.2, 8.0, and 19.3 separate days at the conceptual, system, and detail design levels respectively.
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Figure 1

Daily Occurrence of Representations Across Design Levels


Because of the nature of the journals being hand-written documents, one would expect the written word to dominate the other representation categories, which appears to be the case.  Perhaps more strikingly, however, is how much effort (as measured by frequency of occurrence) that detailed design work received, and how relatively little effort is expended at the system-level.  Concept work falls in the middle. This result is consistent with observations made during the course of the projects that most student teams tend to move very quickly from conceptual reasoning to detailed reasoning.

To look more closely at the representations used at different design levels, we charted the same data as a proportion of occurrence across design levels (see Figure 2).  The dominance of hand-written or hand-drawn representations over computer representations, in terms of frequency of occurrence, is striking.  At the conceptual and system levels, written word and hand-drawn sketches account for 80% of the occurrences.  Again, the nature of the journals may be the key driver here, since they are pen-and-paper notebooks.  But, students were asked to document computer work in their journals (e.g., “Worked on AutoCAD drawing up face plate.”). Such an entry would get a “CAD” count for that day.  So while the pen-and-paper nature of the record may be driving the results to some degree, the large difference is still striking.
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Figure 2

Representations Across Design Levels as a Proportion 
of Daily Occurrence


A better measure might be amount of time spent using/reasoning with the different categories of representation.  It is quite common for students to spend several hours doing computer work, and less common to spend several contiguous hours writing up design descriptions by hand.  Unfortunately, we do not have accurate enough time data for a meaningful analysis at this time.

  It is also interesting to note that as teams move to more detailed design work, computer tools seem to play an increasing important role.  This data confirms the hypothesis that while computer tools are very powerful for detailed design, many are not very useful at the more abstract stages of design development.  Also of interest is how important sketching seems to be for reasoning at the conceptual and particularly system design levels.  This is especially striking given that the ME curriculum at MSU has only two credits of engineering graphics in its required program, that cover both hand-sketching and computer-aided design (CAD)!  

Another way to look at the data is to compare the diversity of representations used at the different design levels.  Figure 3 shows the number of representation categories recorded in individual student journals for each of the design levels.  The height of the bar represents the mean of the 21 individual journals, and the error bar is one standard deviation.  A pair-wise, two-tailed T-test finds statistically significant differences between conceptual and system levels (p=0.026), and between system and detail levels (p=0.0002).  The difference between concept and detail design is only slightly significant (p=0.074). Thus, not only do students expend less effort at the system level, they draw upon a smaller set of tools typically to help them reason and design at the system level.  This result is particularly striking since the design research community generally agrees that the early stages of design have the most impact on total product cost and quality [21], [23].  
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Figure 3

Diversity of Representations Used at the Three Design Levels


Of course, this approach is not without its difficulties.  The most glaring issue, perhaps, is that the journal records are only a partial record of the students’ thoughts and activities.  Journal quality varies, but even the best journals capture only a portion of what actually transpired, and may actually be biased toward capturing certain kinds of information while discarding others.  A second issue is accuracy.  How do we know that the students are not fabricating a record?  We can compare journals to see if they corroborate, but the bottom line is we must trust the students to give us an honest record.  Third, the most conscientious journalers tend to write a lot, which may bias the data toward written word.

To validate the data recorded in the journals requires significant more effort than we’ve been able garner for the project.  Perhaps the best way to validate would be to perform in-depth observation of a subset of the sample, then compare the observer’s record to the students’ journals to determine just how complete/accurate the journal records are.  We may have opportunity to do this next fall with the addition of 2-3 graduate students to the research team.

Finally, the analysis to date focuses exclusively on activities.  We have not yet tackled the deeper cognitive issues that are the main motivations of this work.  We may, through more training and effort, be able to capture this kind of data through journaling, but that remains to be seen.

Conclusion

The contributions of this work are several.  First, we have developed a classification scheme for design representations that can serve as a basis for future work and potentially provide a basis for comparison across studies.  

Secondly, according to the data, students depend on hand-drawn representations a great deal as they explore problem and solution spaces, despite the prevelance of computing tools. This observation opens the door to a number of questions that may be worth investigating further. Should engineering curricula include hand sketching and other forms of manual representation?  How much emphasis should it receive?  Or, are our students not using the computing tools effectively because of availability, lack of training, or ignorance?  What is the role of manual versus computer representation in engineering design?  

Thirdly, we found a “gap” in intermediate levels of abstraction. We found far fewer occurrences and less diversity of representation at the system-level design than at the conceptual or detail levels, and these differences are statistically significant.  It’s not clear what this means, but points towards the need for additional investigation into how to effectively link conceptual and detail design.  

The next step in this project is take a closer look at the patterns of conceptual/system-level/detail design, and correlate these patterns to project outcomes of engineering effort and design quality.  Do teams that place more effort at the system level of abstraction tend to get better results than teams that “skip over” system-level planning by moving from concept to detail design directly?  Another possible direction for this work is to investigate how student team members interact with the representations they create.  How do they, and to what degree do they become boundary objects?  

By way of conclusion, the data seem to indicate that students expend less effort and have fewer tools available to help them with system-level design problems in their projects.  While the data are not conclusive, they seem to indicate that further investigation is warranted on two fronts.  First, what is the proper pattern between these three levels of design problem-solving?  And second, what tools and techniques can be developed or better leveraged to enhance problem-solving at this crucial level?  Insight into these questions seems to have strong potential for significant improvement in engineering design capability.
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		D		30		7		6		4		9

		KRUSE(CM)

		Level		Written		Sketch		Computer		Prototype		Math		Charts		Software		Other

		C		22		7

		S		23		13										6		1

		D		11		2		2								2

		KRUSE(SR)

		Level		Written		Sketch		Computer		Prototype		Math		Charts		Software		Other

		C		13		6		1

		S		5		3										1

		D		26		18		15				2

		KRUSE(SJ)

		Level		Written		Sketch		Computer		Prototype		Math		Charts		Software		Other

		C		8

		S		3		2

		D		8		13						15

		KRUSE(TK)

		Level		Written		Sketch		Computer		Prototype		Math		Charts		Software		Other

		C		13		10						2

		S		4		7		1

		D		19		13		1				13

		AVERAGE FOR 19 STUDENTS

		Level		Written		Sketch		Computer		Prototype		Math		Charts		Software		Other

		C		15.2		5.3		0.6		0.1		1.8		1.3		1.5		0.3

		S		8.0		4.3		0.9		0.2		0.4		0.2		0.5		0.0

		D		19.3		8.0		5.0		3.7		4.5		0.4		0.5		0.0

				42.5		17.7		6.5		4.1		6.7		1.9		2.5		0.3

		Level		Written		Sketch		Math		CAD		Prototype		Special SW		Charts		Other

		Concept		15.2		5.3		1.8		0.6		0.1		1.5		1.3		0.3

		System		8.0		4.3		0.4		0.9		0.2		0.5		0.2		0.0

		Detail		19.3		8.0		4.5		5.0		3.7		0.5		0.4		0.0

				42.5		17.7		6.7		6.5		4.1		2.5		1.9		0.3





Frequency

		Concept		Concept		Concept		Concept		Concept		Concept		Concept		Concept

		System		System		System		System		System		System		System		System

		Detail		Detail		Detail		Detail		Detail		Detail		Detail		Detail



Written

Sketch

Math

CAD

Prototype

Special SW

Charts

Other

Level of Design

Number of Occurrences

15.1904761905

5.2857142857

1.7619047619

0.5714285714

0.1428571429

1.5238095238

1.2857142857

0.2857142857

7.9523809524

4.3333333333

0.4285714286

0.9047619048

0.2380952381

0.4761904762

0.1904761905

0.0476190476

19.3333333333

8.0476190476

4.5238095238

5.0476190476

3.7142857143

0.5238095238

0.4285714286

0



Sheet3

		Concept		Concept		Concept		Concept		Concept		Concept		Concept		Concept

		System		System		System		System		System		System		System		System

		Detail		Detail		Detail		Detail		Detail		Detail		Detail		Detail



Written

Sketch

Math

CAD

Prototype

Special SW

Charts

Other

Level of Design

Proportion of Occurrences

15.1904761905

5.2857142857

1.7619047619

0.5714285714

0.1428571429

1.5238095238

1.2857142857

0.2857142857

7.9523809524

4.3333333333

0.4285714286

0.9047619048

0.2380952381

0.4761904762

0.1904761905

0.0476190476

19.3333333333

8.0476190476

4.5238095238

5.0476190476

3.7142857143

0.5238095238

0.4285714286

0



		






