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Abstract
This paper presents of a new model to STEM literacy using an ontological approach.  Utilizing a problem based 
learning environment, the proposed ontological approach utilizes an analysis by synthesis methodology.  Analysis-
Synthesis methodology enables the decomposition of the problem to its individual STEM components followed 
by subsequently integration in an attempt to arrive at a more refined characterization of the problem.   In turn, the 
analysis-synthesis findings can be documented by students in the form of a web wiki.  As a result of this ontological 
exercise, students will gain significant skills in mapping out the associated knowledge and concept domains of the 
problem.  This mapping, also known as knowledge and concept inventory, is critical to engineering design and inno-
vation.   It will be shown that this ontological mapping is deeply rooted in Bloom taxonomy.  Moreover, this mapping 
features convergent and divergent learning mechanisms which are critical to engineering design and innovation.   

Introduction
Increasing quality and quantity of graduating engineering students is critical in maintaining US economic expansion 
and its competitiveness in the global market place.  Lack of pervasive and meaningful early design presence in the 
engineering curriculum serves as a major contributing factor to low quality and quantity of graduating engineering 
students, resulting in (i) low retention; (ii) compromised ability to attract new students; and (iii) compromised ability 
to effectively practice in an industrial setting.  These observations have also been exacerbated by [1]:  (a) entering 
freshman students having less facility and depth; (b) presence of random gaps in students background ranging from 
mathematics to physics and to chemistry; (c) absence of laboratory skills for entering freshman students; (d) no tin-
kering skills; and (e) incongruent level of expectation between faculty and students.

Driven by ever changing demands of engineering practice, there has been significant interest to overhaul engineering 
education [2]-[8].  Consequently, in recent years, emphasis on team oriented open-ended projects has increased sub-
stantially.  This is best evident from the Engineering Criteria 2000 (EC2000) of Accreditation Board for Engineering 
and Engineering Technology (ABET) [2], [8] in which places special significance on (i) insightful team design proj-
ects and (ii) learn and practice of project proposing, planning, and control.  In addition, the NSF Foundation Coalition 
[9] has also identified team-driven class participation central to enhancing engineering education.  In particular, it 
acknowledges that “students in team” approach leads to elevated academic performance and superior skills for the 
workplace.  

The importance of introducing design experience early in students’ academic careers is supported by: (a) general 
observations relating to today’s entering college students; and (b) observations specific to entering engineering stu-
dents. Many of today’s entering college students are consumer and entertainment oriented as shown by Taylor [22] 
and [26]. A combination of lack of self-direction and a need for instant gratification present barriers to persistence 
to degree completion. Intellectual disengagement results in boredom with traditional lectures, skepticism concern-
ing the authority of experts and traditional ways of knowing, and reduced study time. Being technologically literate, 
many of today’s college-bound engineering students have little patience for low-tech teaching and learning. What is 
engaging to students is information directly related to “earning” goals. 
Utilizing a cognitive science-based approach to learning in engineering education and employing a multi-disciplinary 
team of scientists, this paper puts forth a novel ontological characterization [53]-[54] of Concept Domain (CD) and 



Knowledge Domain (KD) [55] towards advancing STEM literacy via early curricular integration of mentor-driven 
interdisciplinary team-based engineering designs with special emphasis on emerging technologies.  Owing to the 
proposed ontological characterization of CD and KD, the underlying attempt is to synthesize a learner and teacher 
community in which sciences are viewed as a continuum or what is better known as convergent technologies [56]. 
Because of its underlying ontological construct, the proposed multi-layered model is steeped in a network centric 
setting, lending itself to:  hierarchical student to students mentoring, service learning, and synthesis of concept maps 
to effect a graduating engineering student body which is meta-cognitively immersed in interdisciplinary aspects of 
engineering. 

Improvement on  Existing Practices and Background Information
Recent years have witnessed  great deal of practices to overhaul engineering education [57] as to not only become 
more in tunes with industrial needs as dictated by global market pressures, but also to conform to the emerging de-
mographics of entering engineering students manifesting increased dependency on project based and application-
based learning.   Owing to the fact that junior and senior years enjoy a comparatively high level of design coverage, 
these practices [1]-[12] by and large have put considerable emphasis on application and design-based integration of 
math, physics, chemistry, and social sciences to engineering courses primarily in freshman and sophomore years.

However, lacking in these practices is a unifying framework towards curricular integration of team-based interdisci-
plinary designs all the way from freshman to senior year in a network centric setting.  Inter and intra departmental hi-
erarchical mentoring towards completion of interdisciplinary design projects is the key element to fuel continuity of 
curricular integration in a holistic way without any modification of curricular content.   In addition, service learning 
to the community [59]-[60], ranging from addressing design needs of industry to meeting the needs of K-12 schools, 
is a natural resulting benefit.  Moreover, owing to cognitive basis of the proposed scheme, student synthesized con-
cept maps are critical in probing student minds to appreciate and assess the interconnectivity of  interdisciplinary 
design concepts as students evolve through the program. Concept maps are utilized in a meta-cognitive attempt to 
help the student generate CD and KD ontologies.  It is shown in [55] that it is the very bi-directional transformation 
between CD and KD which constitutes the design process.

Moreover, this paper brings about a soft-landing mechanism to team-based design projects as opposed to bursty 
and isolated design experience through the capstone-based senior design project which is widely and traditionally 
practiced by engineering programs nationwide.   The novelty of the proposed approach lies in the fact that not only 
team-driven design projects are conducive in improving retention issues in early years, but also they are of signifi-
cance for fostering and promoting interdisciplinary collaboration among the students and faculty alike.  Above all, 
owing to proposed ontological/network centric nature of the proposed scheme, the interdisciplinary collaboration 
among students and faculty can be far extended across many institutions by appropriate web linkage of courses and 
their associated student mentor teams at various institutions [58].   This goes to underscore the far reaching impact 
of the proposed scheme at its full maturity.

In what follows background justification of the proposed scheme in relation to ontology of concept domain and 
knowledge domain (CK ontology), cognitive science of learning, interdisciplinary teams, mentoring, service learn-
ing, and concept maps is provided to establish the validity of the proposed innovative solution as a testable model 
for improvement on existing practices.

Ontology of Concept Domain (CD) and Knowledge Domain (KD)
According to Gruber [61], an ontology is the explicit formal specification of objects within a domain of interest 
in conjunction with their underlying  relationships.  Some applications of ontology can be found in [53] and [54].   
Following rationales are cited in [53] as why one wants to perform ontology of a domain of interest to:  (i)   share 
common understanding of the structure of information among people or software agents; (ii)  enable reuse of domain; 
(iii)   make domain assumptions explicit; (iv)   separate domain knowledge from the operational knowledge; and (v)  



analyze domain knowledge.
In relation to application of ontology in learning research, Chi and Slotta [62] have shown that pre-lecture ontological 
biasing of students would contribute to a higher understanding of course material and to what is known as “emergent 
process”.
In this paper we are interested in ontology of two domains: Concept and Knowledge Domains.  Without making any 
explicit references to ontology, Hatchuel and Weil [55] have formulated Concept-Knowledge (CK) design theory 
shown that bidirectional transformation between CD and KD is the key inherent process involved in synthesis of 
engineering design.  It is stated that in contrast to KD,  CD does not carry any logical status, i.e., false or true. It 
could be stated that CD basically corresponds to identifying key design concepts without being preoccupied about 
their logical validity. While transformation from CD to KD is referred to as the convergent thinking (from concept 
to logical question or conjunction), the converse transformation is what constitute divergent thinking (initiation of 
design reasoning or disjunction). In addition to bidirectional inter-domain transformations between CD and KD, we 
also have intra-domain transformations within CD and KD themselves as part of inherent sequencing involved in 
design process. 
This paper merges CD and KD inter and intra transformations proposed in [55] with ontological constructs proposed 
in [53]-[54] and [61] to meta-cognitively formalize the design process for students and teachers. This merger of  C-K 
design theory and ontology serves as the main contribution of this paper.  Specifically, it is proposed for students and 
professors to establish ontology of CD and KD domains for each specific engineering course as it relates to engineer-
ing design from early freshman to senior years.  Within the CEET, in freshman and sophomore years, the proposed 
CK ontology is applied to first semester freshman required “Introduction to Engineering” course along with elective 
“Engineering Connection Seminar” courses in second semester freshman and entire sophomore year.   In addition, it 
is proposed to apply the proposed CK ontology to junior and senior level courses involving engineering design.  
The proposed CK-ontology transforms student (or student team) generated concept maps (see Section b3.6) to CD 
and KD ontologies.  The CD and KD ontologies disclose the underlying objects and relationship among each domain 
in a hierarchical fashion in an attempt to effect a formal blueprint of student (or student team) understanding of each 
specific course design content.  As part of formalizing the design process, the student team then need to demonstrate 
an intra domain sequencing (intra-domain transformation) within the CD ontology which eventually converges to 
a node within the KD ontology.  Once within the KD ontology, the student team then need to exhibit intra-domain 
sequencing within the KD domain with an eventual convergence to a node in the CD domain.  This process is contin-
ued until all the design requirements for a given course project are met.  As such, the proposed CK-ontology model 
provides a cognitive tunnel to student understanding of course material in relation to engineering design.  This in turn 
enables us to further research on how student learn engineering.  An example of intra and inter-domain transforma-
tion (in here is also referred to as sequencing) is given in [55].

Concept Maps
Concept mapping is an effective metacognitive tool in science of teaching and learning (Hartman, [49]). Concept 
maps also have been used extensively as an alternative assessment technique in science education (Shavelson, Lung, 
& Lewin, [50]). Novak and Gowin [36] claim that one of the most positive outcomes arising from the use of concept 
maps is “meta-learning.” Students “learn how to learn” as they create concept maps to display and think about their 
conceptual understanding of subject-matter content.  Concept maps are graphic representations of meaningful rela-
tionships between two or more concepts (Novack & Gowin [36]). Each relationship is represented by a proposition, 
which consists of two concept labels joined by a line and a word or two that make the relationship clear. The goal of 
concept mapping is to externally display internal knowledge structures (schemata). 
Schemata are unconscious mental structures. Schemata set expectations for encountering new information. (Hartman 
[49]).  Information that is consistent with a schema is assimilated into the schema. Information that conflicts with 
prior knowledge causes the existing schema to be accommodated (modified) so that new information can be incorpo-
rated into the schema (Piaget, [52]). Concept maps graphically depict these changes in thinking (Clarke, [51]). In ad-
dition, concept maps display misconceptions present in learners’ schemata.  Misconceptions are faulty ideas that are 
based on false or incomplete information, limited experience, incorrect generalizations or misinterpretations and are 
consistent with the student’s basic understanding. Some misconceptions result from cultural myths or scientifically 



out-of-date information. Others may arise from vague, ambiguous, or discrepant information (Hartman, [49], p. 184).   
Once misconceptions are evident, teachers or mentors can assist the learner in clarifying and revising understanding 
of the concept being learned.     
The structure of concept maps is consistent with three aspects of Ausubel’s cognitive learning theory: hierarchical 
organization, progressive differentiation, and integrative reconciliation (Ausubel [34]). Concept maps are organized 
hierarchically in that more general and inclusive concepts and propositions are superordinate in the map to more 
specific concepts and propositions. Progressive differentiation indicates that when meaningful learning occurs, ad-
ditional propositional links are added to the map. As long as meaningful learning is occurring, the concept map 
keeps evolving. Maps become more in-depth, and concepts become more differentiated. Integrative reconciliation is 
the process in which new relationships between concepts are discovered by the learner. Integrative reconciliation is 
indicated by drawing cross links from one concept to another on the map (Novak & Gowin [36]).   
Concept mapping is particularly useful in assessing knowledge prior to instruction and in assessing changes in un-
derstanding as instruction proceeds (Clarke [51]; Novak & Gowin [36] Wholeben, 1994). Although concept maps 
are qualitative indicators of learners’ knowledge structures, concept maps also can be scored numerically. The typical 
scoring algorithm includes awarding a specified number of points for (a) valid propositions, (b) the number of levels 
in the hierarchy, (c) cross links between segments of the map, and (d) specific examples or instances of the concept. 
Points are totaled with higher total points indicating more complex understand of the central concept (Novak & 
Gowin, 1984).
Concept maps will serve to assess (a) students’ declarative and procedural knowledge of engineering concepts, (b) 
connections between declarative and procedural knowledge, (c) inclusion of content from courses prerequisite to 
the study of engineering, and (d) connections among intra- and inter-departmental knowledge bases. Using Novak 
and Gowin’s (1984) scoring algorithm, the number of valid propositions, the number of hierarchical levels, and the 
number of valid examples or instances will assess declarative and procedural knowledge, as well as the inclusion of 
content from prerequisite courses.  

Proposed Solution
The proposed solution is to synthesize a cognitively-driven educational model with a unifying formulation pos-
sessing the following salient elements: (i) CK-ontological-based linkages towards student collaboration on inter-
disciplinary team projects on emerging technologies; (ii) student to student hierarchical mentorship system towards 
collaboration on interdisciplinary projects ; (iii) student-driven service learning to middle schools , high schools, 
and industrial and business community; and (iv) student-generated concept maps to assess the degree and extent of 
student’s understanding on interdisciplinary engineering designs.
Electronic portfolios, implemented using Live Text [64], have been used by engineering departments to document 
student learning outcomes at the program and course level [63]. Criterion 3 of the ABET Engineering Criteria 2000 
[45] is the criterion most related to the proposed activities. Criterion 3 outcomes are: (3a) an ability to apply knowl-
edge of mathematics, science, and engineering; (3b) an ability to design and conduct experiments, as well as analyze 
and interpret data; (3c) an ability to design a system, component, or process to meet desired needs; (3d) an ability to 
function on multi-disciplinary teams; (3e) an ability to identify, formulate, and solve engineering problems; (3f) an 
understanding of professional and ethical responsibility; (3g) an ability to communicate effectively; (3h) the broad 
education necessary to understand the impact of engineering solutions in a global and societal context; (3i) a recogni-
tion of the need for and ability to engage in lifelong learning; (3j) a knowledge of contemporary issues; and (3k) an 
ability to use the techniques, skills, and modern engineering tools necessary for engineering practice. The proposed 
network-based curricular integration in turn utilizes a hierarchical student-student mentoring to facilitate design pro-
cess from inception to completion using electronic portfolios.   The mentoring system allows for execution of design 
projects from a network centric approach, whereby a design project using CK ontology is decomposed into a set of 
suitable small components and consequently assigned to various teams of students belonging to various engineering 
courses.  Whereas early small scale design conceptualization are relegated to freshman/sophomore students taking 
low level engineering courses, junior/senior students are charged with overseeing actual project formulation, imple-
mentation and execution with continuous dialog and active participation among the lower and higher level student 
teams.   Moreover, Junior/Senior students serve as mentors to Freshman/Sophomore level students in a team-setting 



approach.
This paper echoes the goals of P-16 systems (Van de Water & Rainwater [16]) where education partners work to-
gether to improve links between interdependent parts of the system, especially transition points such as that between 
high school and college.  An effective pipeline that plants the seeds of interest in engineering early, works with high 
school and community college teachers to assure appropriate preparation and student background for college study, 
promotes engaged learning for retention in a baccalaureate program, and prepares students for graduate level study.
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