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Abstract – This paper presents first year results of a 
longitudinal study of how engineering students develop 
design competencies over time, and how these 
competencies are affected by design education. Using a 
task-independent approach to verbal protocol analysis 
based on the function-behavior-structure ontology, the 
authors are able to evaluate students’ cognitive 
processes as they work in pairs to respond to a design 
scenario. In this paper, the authors analyze data from 
experiments that occurred before and after the 
participants completed a sophomore-level design course. 
The percent occurrences of design issues and syntactic 
design processes from the first and second halves of each 
of the two experimental design sessions are analyzed and 
compared in order to identify differences in students’ 
design behaviors. These results provide an opportunity 
to investigate and understand how sophomore students’ 
design ability is affected by a design course. 
 
Index Terms – Design cognition, verbal protocol studies, 
design education 

BACKGROUND 

As we have noted elsewhere, design education research has 
historically focused on descriptions of design courses and 
external measures of student outcomes [1], [2]. However, 
there is an increasing interest in studies of design cognition 
that illuminate what designers do and think as they work. 
Studies of design cognition are particularly relevant to 
educational settings because they provide insights into how 
educational experiences affect students’ design processes 
and their development as designers. Because design 
outcomes are often dependent on context – team 
composition, the project definition, institutional setting, 
available resources – studies of design cognition play a key 
role in helping educators triangulate outcomes and measures 
to better understand the transferable effects of educational 
experiences. 

Studies of design processes take a number of different 
forms, including surveys, work sampling, ethnographies, 
and protocol studies. Protocol studies, in which teams or 
individuals talk aloud as they work through a design task are 

particularly useful for comparing design cognition across 
contexts because they typically provide a common task for 
all study participants and operate in a constrained time 
frame (e.g. one or two hour sessions). Design sessions are 
transcribed, divided into segments, and each segment is 
given a code that corresponds to a particular design behavior 
or activity. The results of such studies allow researchers to 
compare design process patterns of individuals based on 
independent variables such as time (e.g. before and after a 
given educational experience) and intervention type (e.g. 
two different kinds of intervention). For example, verbal 
protocol analysis has been used to identify differences 
between expert and novice design behaviors [3]-[9]. 

The present research employs a protocol study to 
monitor the cognitive progress and development of design 
thinking in engineering students, identifying changes over 
time within a given major and differences resulting from 
curricular differences between majors. In this paper, we 
examine the development of design cognition in sophomore 
students before and after a course in mechanical design. 
Elsewhere we have reported the change in overall cognition 
patterns (i.e. across an entire design scenario) before and 
after this course [10]. In this paper, we look specifically at 
the changes in behavior across a design session as a first 
step to understanding whether the educational experience 
changes how students work through a design task. 

ANALYZING DESIGN COGNITION: THE FBS ONTOLOGY 

I.  FBS Ontology 

In this study, design cognition is determined using the 
Function-Behavior-Structure (FBS) ontology [11], [12] as a 
principled coding scheme. This coding scheme is applicable 
across all process-based views of designing and therefore 
produces results from different sessions by different 
designers using different design methods in such a way that 
the results are comparable and commensurable. As we have 
noted elsewhere, FBS models the design process based on 
three classes of ontological variables: function, behavior, 
and structure, plus a design description [11]. It posits that 
the purpose of design “is to transform a set of functions into 
a set of design descriptions (D). The function (F) of a 
designed object is defined as its teleology; the behavior (B) 
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of that object is either derived from the structure (Bs) or 
expected (Be) from the structure, where structure (S) 
represents the components of an object and their 
relationships.” In addition, R is used to designate external 
requirements given to the designers (Figure 1). 

 
FIGURE 1 

THE FBS ONTOLOGY 

These ontological variables, in turn, help define a set of 
processes that reflect the movements from one variable to 
another. In this case, the FBS ontology identifies eight 
separate processes. These design processes, denoted 
numerically in Figure 1, include 1) formulation which 
transforms requirements and functions into a set of expected 
behaviors; 2) synthesis, where a structure is proposed to 
fulfill the expected behaviors; 3) an analysis of the structure 
produces derived behavior; 4) an evaluation process acts 
between the expected behavior and the behavior derived 
from structure; and 5) documentation, which produces the 
design description. The remaining processes are types of 
reformulation: 6) reformulation I – reformulation of 
structure, 7) reformulation II – reformulation of expected 
behavior, and 8) reformulation III – reformulation of 
function. 

II.  FBS Coding Scheme 

In this project we use a principled, design-based coding 
scheme based on the FBS ontology that translates the 
ontology into six design issues that map onto the ontological 
variables.  Each design issue is coded using the FBS 
ontology.  Examples of participant statements, and their 
FBS coding, are shown in Table 1. The statements presented 
were chosen from a design session where participants were 
asked to design a device to assist the elderly in opening a 
stuck window (the first design session discussed in the 
“Methods” section). 

The six codes for the six cognitive design issues, which 
are used to label segments in protocol analysis, can be 
combined to produce eight design processes, as seen in 
Table 2, where “>” indicates unidirectional transformation 
and “<>” indicates comparison. The numbers listed next to 
each design issue corresponds with the labels presented in 
Figure 1. 
 

 

 

TABLE 1 
FBS CODING EXAMPLES 

 (R) 
“And here they’ve got ‘you are not allowed to… you 
can’t exert more than 3 pound force’”; “Doesn't rely 
on electricity” 

(F) 
“to make it… eh-hm… much easier for the elder…”; 
“Cause like the main,  well the main objectives I 
mean has to lift and lower it.” 

(Be) 

“Yes, something that just gives them more 
mechanical advantage.”; “Ah-hmm… Somehow it 
would need to be strong across, so that it will lift up 
like both sides at the same time.  Because, like you 
saw, it kind-a like…” 

(Bs) 

“When this goes clockwise this is gonna go 
counterclockwise, right?  So, if that’s going 
counterclockwise, then that would be pulling it 
down, right?  That‘ll be pulling the window down?” 

(S) 

“So, instead of going on the bottom, how about we 
just wrap around couple of times and come down 
here like that [shows how the string wraps around 
pulleys and comes down to the bottom of the 
window]” 

(D) 
“(WRITES: can be used by elderly/weak person)”; 
“(drawing some kind of attachment on one of the 
pulleys)” 

TABLE 2 
FBS PROCESSES 

Formulation (1) R>F,F>Be  
Synthesis (2) Be>S 
Analysis (3) S>Bs 
Evaluation (4) Be<>Bs 
Documentation (5) S>D 
Reformulation I (6) S>S 
Reformulation II (7) S>Be 
Reformulation III (8) S>F 

METHODS 

I.  Participants 

Participants for the study described in this paper were drawn 
from the mechanical engineering (ME) department of a 
large mid-Atlantic land grant university.  The participants 
were solicited during their sophomore year and agreed to 
participate in the 3-year longitudinal research study. The 
participants are a representative sample of their peer group, 
as determined by a series of spatial reasoning ability tests, as 
described in [2]. Students with significant design experience 
were not selected as participants for this study.   

The two experimental sessions analyzed in this paper 
occurred before and after the student participants were 
enrolled in a second-year ME design course. Prior to the 
course, the students’ design education is limited to a four-
week “Introduction to Engineering Design” module in their 
first-year introductory engineering course.  The ME design 
course, described in detail in [10], focuses in exposing 
students to engineering design and design methodologies at 
an early stage in their professional development and serves 
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as the beginning of the students’ formal design education 
and experience. 

II.  Experimental Design 

In the first year of this longitudinal study, participants 
attended two out-of-class experiments: at the beginning of 
the fall semester and in the middle of the spring semester of 
their sophomore year.  In these experiments, pairs of 
students work together at a white board to solve a 
speculative design task. In the first session, students were 
asked to design a device which could aid disabled users with 
opening a stuck double-hung window without relying on 
electric power.  In the second session, students were asked 
to design a device to help stroke patients, who are unable to 
perform bilateral tasks, with opening doors (adapted from 
[13]).  

Student pairs worked together on the assigned design 
tasks for 45 minutes. Working in pairs provided for natural 
verbalization that could be recorded, then transcribed and 
analyzed. Two digital camcorders, one recording the 
whiteboard and the other recording the students were used 
to video record the session.  In addition, each student was 
provided a remote microphone to ensure the recorded 
quality of their conversation. 

III. Protocol Analysis 

A protocol analysis was conducted using the video and 
audio recordings of the design sessions.  The research team 
manually transcribed all the students’ verbalizations as they 
proceed through the design sessions. The verbalizations 
were then segmented and coded based on the FBS coding 
scheme. Two researcher assistants independently identified 
and coded the segments and arbitrated differences to 
determine the final design protocol for each session. Typical 
inter-coder reliability obtained by this method is in the range 
85–95%. Agreement between coders is obtained using the 
Delphi method [14].  

IV. Statistical Analysis 

Statistical analyses were conducted to identify statistical 
differences in design issues and design processes between 
the two semesters for the first and second halves of the 
arbitrated protocol. JMP 9.0, a statistical software package, 
was utilized with alpha (α) level of 0.05. The normality 
assumption was tested for each design issue using the 
Shapiro-Wilk W test. Those design issues that rejected the 
null hypothesis that the data are from the normal 
distribution, were analyzed using the Wilcoxon rank sum 
test, a non-parametric statistical analysis.  Those that did not 
reject the null hypothesis were analyzed using two-sample t-
tests. 

RESULTS 

To begin our exploration of the effects of design education 
on design practice, we compare students’ design behaviors 
before and after their sophomore mechanical engineering 
design course (respectively labeled as “’09 Semester 1” and 

“’10 Semester 2” in the results presented).  To examine 
design behaviors, and to provide a detailed understanding of 
how a session progressed in terms of students’ design issues 
and design processes, we divided each session’s arbitrated 
protocol into halves.  The percent occurrences of design 
issues and syntactic design processes from the first and 
second halves of the two experimental design sessions are 
then analyzed and compared. The division of the protocol 
into halves provides a preliminary look at participants’ 
design processes through time. Similar time-based 
examinations have been used in studies of both novice and 
expert designers in engineering education [e.g. 6] because 
they allow researchers to move from a gross view of design 
behavior (i.e. overall time spent on individual tasks) to a 
more nuanced view that illuminates how individuals work 
through design problems. 

I.  Design Issues 

First Half of Protocol 

The design issue distributions for the first half of the 
arbitrated protocols of the two sessions are shown in Figure 
2. Based on these two data sets, students expended the 
majority of their cognitive effort on discussing the design 
issues of structure (37~41%) followed by behavior from 
structure (29~30%) for both semesters. These two design 
issues accounted for more than two-thirds of the overall 
students’ cognitive effort for the first half of the design 
protocol. Much less cognitive effort was spent on the design 
issues of description (8~11%), expected behavior (6~11%), 
function (3~8%), and requirement (5%).  

 
FIGURE 2 

PERCENT OCCURRENCES OF DESIGN ISSUES BEFORE (’09 SEMESTER 1) AND 
AFTER (’10 SEMESTER 2) EXPOSURE TO DESIGN TEACHING–FIRST HALF OF 

ARBITRATED PROTOCOL 

The variations of percent occurrences of design issues 
between before and after the design course were identified. 
Students spent much less cognitive effort in discussing the 
design issue of expected behavior (5%), whereas students 
spent more cognitive effort on the design issue of function 
(5%) in semester 2. Students’ cognitive effort related to the 
design issue of structure has decreased (3%), and the design 
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issue of description has increased (3%). There was a 
marginal increase in the design issue of behavior from 
structure (1%) as well as marginal decrease in the design 
issue of requirement (<1%). 

The statistical analysis results of design issues for the 
first half of the arbitrated protocol are reported in Table 3.  
The results indicate that the percent occurrence of students’ 
cognitive effort regarding the design issue of expected 
behavior was statistically different in the first half of the 
design sessions between before and after the introductory 
design course (p<0.01). Specifically, students’ cognitive 
effort associated with the design issue of expected behavior 
has significantly decreased, meaning that less cognitive 
effort was spent on discussing the expected behavior that are 
often associated with transforming the function issues to 
behavior outcome, transforming expected behavior issues 
into structure issues of an artifact, or evaluating by 
comparing the actual behavior with the expected behavior. 
A trend was identified for the design issue of function 
(p=0.08) in that students engaged more in discussing topics 
related to design function after being exposed to the 
introductory design class. 

TABLE 3 
STATISTICAL ANALYSIS RESULTS FOR DESIGN ISSUES BETWEEN SEMESTER 

1 AND SEMESTER 2–FIRST HALF OF DESIGN PROTOCOL 
Design issue t (z) statistics p-value 

Requirement -0.968 0.332 
Function 1.742 0.081 
Expected Behavior -3.173 0.004** 
Behavior from structure 0.554 0.592 
Structure -0.766 0.461 
Description 1.250 0.245 

**p<0.01 

Second Half of Protocol 

The percent occurrences of design issues for the second half 
of both arbitrated protocols are shown in Figure 3.  Similar 
to the design issue distribution of the first half of the 
arbitrated protocol, students expended the majority of their 
cognitive effort on the design issues of structure (37~39%) 
and behavior from structure (29%~34%) in the second half 
of the arbitrated protocol. These accounted for more than 
two-thirds of their cognitive effort. The remaining one-
thirds of their cognitive effort were distributed to the 
remaining design issues in the following order: the design 
issue of description (11~20%), expected behavior (6~11%), 
function (1~5%), and requirement (1%).  

Design issue variations between the two semesters for 
the second half of arbitrated protocol were identified. 
Students spent more of their cognitive effort on the design 
issues related to description (8%) and function (4%) after 
being exposed to the introductory design course. The 
cognitive effort for the remaining design issues have all 
decreased (1~5%) in semester 2.  

The statistical analysis results of the design issues for 
the second half of the protocol are reported in Table 4. 
 

 
FIGURE 3 

PERCENT OCCURRENCES OF DESIGN ISSUES BEFORE (’09 SEMESTER 1) AND 
AFTER (’10 SEMESTER 2) EXPOSURE TO DESIGN TEACHING–SECOND HALF 

OF DESIGN PROTOCOL 

TABLE 4 
STATISTICAL ANALYSIS RESULTS FOR DESIGN ISSUES BETWEEN SEMESTER 

1 AND SEMESTER 2–SECOND HALF OF DESIGN PROTOCOL 
Design issue t (z) statistics p-value 

Requirement -2.494 0.012* 
Function 1.817 0.069 
Expected Behavior -2.434 0.032* 
Behavior from structure -1.770 0.106 
Structure -0.548 0.597 
Description 3.434 0.005** 

*p<0.05, **p<0.01 

The statistical analysis results reveal that the design 
issue of requirement (p=0.01), expected behavior (p=0.03), 
and description (p<0.01) were significantly different in the 
second half of design sessions between the two semesters. 
Specifically, students have decreased their discussion 
related to the design issue of requirement, meaning that less 
cognitive effort was spent on identifying requirements on 
the design brief, or determining whether their design 
outcome meets the design requirements in the second 
semester. Likewise, students have decreased their discussion 
regarding the design issue of expected behavior in the 
second semester, meaning that less cognitive effort was 
spent on discussing issues associated with expected 
behavioral outcomes after the introductory design course. 
The design issue of description has significantly increased 
in the second semester, meaning that students have spent 
more cognitive effort in documenting, which includes 
activities such as sketching, labeling, erasing, and 
modifying on the whiteboard during the design sessions. 

II.  Design Processes 

Syntactic design processes are design processes obtained by 
assuming that any segment is cognitively related to its 
immediately preceding segment and as a consequence there 
is a design process that transforms one into the other, Figure 
1. 
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First Half of Protocol 

The percent occurrences of syntactic design processes for 
the first half of the arbitrated protocol are illustrated in 
Figure 4.  Almost two-thirds of the students’ cognitive effort 
was spent on the design processes of Analysis (28~29%) 
and Reformulation (29~34%). Much less cognitive effort 
was spent on the design processes of Documentation 
(8~14%), Evaluation (7~9%), Synthesis (7~8%), 
Reformulation 2 (4~6%), Reformulation 3 (1~5%), and 
Formulation (1~2%).  

The variations between the percent occurrences of 
design processes between the two semesters were identified. 
The design processes of Documentation and Reformulation 
3 have increased approximately 5% and 4%, respectively, 
whereas the design process of Reformulation 1 has 
decreased approximately 4% in the second semester. A 
slight decrease for Evaluation, Synthesis, and Reformulation 
2 were identified (1~2%). The design processes of Analysis 
and Formulation showed slight increases (<1%). 

 
FIGURE 4 

PERCENT OCCURRENCES OF SYNTACTIC DESIGN PROCESS BEFORE 
(SEMESTER 1) AND AFTER (SEMESTER 2) EXPOSURE TO DESIGN 

TEACHING–FIRST HALF OF DESIGN PROTOCOL 

For the statistical analysis, two-sample t-tests were used 
for the majority of the design processes. However, as the 
design process of Formulation and Reformulation 3 did not 
follow the normal distribution, the Wilcoxon rank sum test 
were used for these processes. The statistical analysis results 
are shown in Table 5.  

The percentage of cognitive effort on the design process 
of Reformulation 3 was statistically different between the 
two semesters. This result indicates that students expended 
more of their cognitive effort on addressing changes in 
design state space in terms of function issues.  

 

TABLE 5 
STATISTICAL ANALYSIS RESULTS OF SYNTACTIC DESIGN PROCESSES 

COMPARISONS BETWEEN SEMESTER 1 AND SEMESTER 2–FIRST HALF OF 
DESIGN PROTOCOL 

Syntactic process  t (z) statistics p-value 
Formulation 0.324 0.745 
Synthesis -1.075 0.316 
Analysis 0.139 0.891 
Evaluation -0.970 0.355 
Documentation 1.613 0.139 
Reformulation 1 -0.804 0.437 
Reformulation 2 -1.044 0.326 
Reformulation 3 2.717 0.006** 
**p<0.01 

Second Half of Protocol 

The percent occurrences of syntactic design processes 
for the second half of the arbitrated protocol are shown in 
Figure 5.  Similar to the design process distributions for the 
first half of the arbitrated protocol, students have spent the 
majority of their cognitive effort on the design processes of 
Analysis (27~28%) and Reformulation 1 (29~31%), which 
accounted for almost two-thirds of the overall cognitive 
effort. The remaining cognitive effort was distributed in the 
following order: the design process of Documentation 
(13~18%), Evaluation (8~10%), Synthesis (5~8%), 
Reformulation 2 (4~7%), Reformulation 3 (1~3%), and 
Formulation (1%).  

 
FIGURE 5 

PERCENT OCCURRENCES OF SYNTACTIC DESIGN PROCESS BEFORE 
(SEMESTER 1) AND AFTER (SEMESTER 2) EXPOSURE TO DESIGN 

TEACHING–SECOND HALF OF DESIGN PROTOCOL 

The variations of the design processes between the two 
semesters were identified. There was a large increase in the 
design process of Description in the second semester (5%), 
whereas slight increases were identified for the design 
processes of Reformulation 3 (2%), Analysis (1%), and 
Formulation (<1%). The design processes of Synthesis, 
Evaluation, Reformulation 1, and Reformulation 2 exhibited 
approximately 1% to 3% decrease in the second semester.  
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The statistical analysis results of syntactic design 
process of the second half of the arbitrated protocol are 
reported in Table 6. 

TABLE 6 
STATISTICAL ANALYSIS RESULTS OF SYNTACTIC DESIGN PROCESSES 
BETWEEN SEMESTER 1 AND SEMESTER 2–SECOND HALF OF DESIGN 

PROTOCOL 
Syntactic process  t (z) statistics p-value 

Formulation 0.644 0.519 
Synthesis -1.451 0.172 
Analysis 0.450 0.661 
Evaluation -0.677 0.513 
Documentation 1.796 0.100 
Reformulation 1 -0.395 0.701 
Reformulation 2 -1.941 0.078 
Reformulation 3 0.758 0.448 

There was no statistical difference of design process 
between the two semesters for the second half of the 
arbitrated protocol. However, a trend was identified for the 
design process of Reformulation 2. The design process of 
Reformulation 2 has marginally decreased in the second 
semester, meaning that students have spent lesser cognitive 
effort on addressing changes in design state space in terms 
of behavior issues.  

DISCUSSION 

As students progress through design curricula, our hope as 
design educators is that their behavior would begin to 
emulate that of expert designers. Research studies in which 
novice and expert design behaviors are compared has found 
that expert designers generate more ideas [3], iterate more 
frequently [4]-[5], and spend more time scoping and 
defining the problem, more time gathering information, and 
more time in making decisions [6]. Furthermore, Kavakli 
and Gero found that, overall, expert designers appeared 
more organized and efficient [8]-[9]. Relating these 
observations to the FBS ontological framework, one would 
expect experts to spend more time in the beginning of a 
session devoted to discussions related to scoping the 
problem (Requirements, Function and Expected Behavior), 
rather than discussions related to Structure Behavior, 
Structure and Description.   

The sophomore-level mechanical engineering design 
course in which the participants were enrolled is centered in 
a systematic design methodology that models a problem 
solving technique espoused by expert designers [15].  As 
such, one would expect students’ design behavior to trend 
towards expert-like practice following the completion of the 
course.   

Reflecting on the results from the experimental 
sessions, we observe that there is evidentiary support for 
this trend. Following the design course, students were more 
engaged in scoping the design problem, as seen by the 
increase in frequency of discussing issues related to 
Function. In addition, after the design course, a significant 
increase in the syntactic process of Reformulation III 
(reformulation of function) in the first half of the sessions 
was found.   However, the statistically significant decline in 

the amount of discussion related to Expected Behavior is 
unexpected, as students were taught in the class to generate 
design concepts around a product’s functionality using such 
tools as Morphological Analysis.   

Finally, we observed that, following the course, 
students more frequently engaged in Description in the 
second half of their sessions.  This is a promising trend, as 
expert designers tend to use drawings and sketches more 
than novice designers [9]. 

 

CLOSURE 

In this paper, the authors present data from the first year of 
protocol studies. Using data gathered from two experimental 
sessions (conducted in late fall and late spring of the 
sophomore year), a domain-independent protocol analysis 
was employed to identify changes in student design 
cognition. In addition, each session was analyzed by halves 
in order to fully characterize students’ design processes. 

Through this analysis, it is found that students were 
more frequently engaged in problem definition and scoping 
activities following their exposure to the design course, as 
seen by the increased amount of discussions related to 
Function, and the increase in the Reformulation III syntactic 
process.  However, it is noted that students did spend less 
time engaged in discussion of Expected Behavior issues – a 
puzzling result given the course’s emphasis on determining 
product functionality. 

In their future work, the authors will compare the 
design cognition of this Mechanical Engineering cohort 
with that of a student cohort enrolled in an engineering 
science curriculum, which features less formal design 
education.  In addition, as the longitudinal study continues, 
the authors will be able to compare students’ design 
cognition throughout their progression in their 
undergraduate curricula. Finally, increasingly sophisticated 
time segmentations will be employed to understand the 
cognitive patterns of the study participants as they work 
through design problems. 
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