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Towards an “Adaptive Concept Map”: Creating an Expert-Generated
Concept Map of an Engineering Statics Curriculum

Abstract

Concept maps are graphical representations of cognitive knowledge structures. Although they
were originally developed as a way to follow and understand changes in student knowledge, they
have proven to be effective instructional tools. Concept maps consist of labeled nodes that
represent concepts, or perceived regularities or patterns, and links that are labeled to indicate the
relationships between the nodes. Current work with concept maps is limited to small maps that
cover only sections of a class or the entire class at a high level of abstraction. Due to problems
in interpreting concept maps with numerous nodes and links, maps of larger domains are limited
in the detail the can represent. The authors are exploring the use of interactive digital tools as a
way to present large-scale concept maps that organize information and show connections across
the curriculum without overwhelming the user visually. As an exemplar, the authors have
chosen the content in an engineering statics course. If successful, the concept mapping tool
could be used to cognitively link information between courses in engineering mechanics and
then across the entire engineering curriculum. As the first step in this process, the authors set out
to capture an expert’s knowledge of engineering statics in the form of a course-wide concept
map. This paper details the process of capturing expert knowledge of a course and organizing
this information into a concept map that accurately represents the information taught in the
course.

1. Introduction and Motivation

Concept maps are node-link diagrams that are designed to visually mimic a person’s cognitive
schemas. They have been widely and effectively used as instructional tools in engineering
classrooms (Sections 2.1 and 2.2). Concept maps highlight the relationships between information
that the students learn, and help promote a more cohesive view of the content that is being
learned.

Large scale maps, maps that could be used to outline and link all the information taught in an
entire course or even an entire curriculum, have the potential to be extremely powerful learning
aids because of the cohesiveness of knowledge they would promote. Interpreting large-scale
concept maps is difficult however, due to the user’s cognitive limitations (Section 2.3). These
cognitive limitations lead to problems learning with large-scale concept maps. The authors are
currently exploring ways to mitigate the problems associated with interpreting large-scale
concept maps using interactive digital technologies. Doing so will unlock the potential of large-
scale concept maps as learning tools and enable the creation of concept maps that connect
information throughout an entire engineering curriculum (Section 2.4).



As a first step in achieving this research goal, the authors must first create a large-scale concept
map. Current concept map generation processes were found to be an insufficient guide as they
are inherently designed to limit the scope of the concept map in order to avoid the difficulties
found in interpreting large maps. As such, the purpose of this work is to present a process that
guides the generation of large-scale (e.g., course-wide) concept maps.

In Section 2, the theory of concept maps, their educational impact, and their creation process are
reviewed. The authors’ approach for presenting large-scale concept maps is presented in Section
3. The approach is detailed through its use in creating a concept map for an engineering statics
course. In Section 4, preliminary validation of the process is presented in the form of feedback
from an expert review. Closure is offered in Section 5. The authors’ hope is that others wishing
to create concepts maps of entire courses may benefit from the process presented in this paper.

2. Background

2.1 What Are Concept Maps?

Concept maps were first developed in 1972 by Joseph Novak and his colleagues as a way to
visualize what students did and did not know ™. Novak and Cafias present an outline of
information on concept mapping, in the form of a concept map, in Figure 1 ™. The nodes in a
concept map are labeled with concepts, a set of regularities observed by the person, while the
links are labeled to represent the relationships between the concepts. Taken as a whole, the
concept map should represent the extent and the organization of knowledge that a person
pOSSesses.
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A concept map about concept mapping ™!



2.2 How Do Concept Maps Aid Learning?

Concept maps can fill one of two instructional roles: (i) students can either be assigned to create
a concept map of their knowledge as a reflective learning exercise after instruction, or (ii)
students can be given an “expert-generated concept map” before instruction which serves as an
“advance organizer” [ — a type of scaffolding tool. In both of these applications, concept maps
have been shown to facilitate meaningful learning across a wide variety of settings, grade levels,
and content areas *].

To use concept mapping as a reflective learning activity, students are first given instruction in the
form or readings, lectures, or other activities. Following the instructional unit, the students are
asked to reflect upon the content and to create a concept map of the information they learned.
The process of creating the concept map of the content is a meta-cognitive activity that improves
the understanding and the retention of the information learned ™.,

To use concept maps as advance organizers, an expert creates a concept map of their content
knowledge for a particular instructional unit. To create an effective concept map advance
organizer, the following should be true ™
e The concept map should be presented before and/or during the instructional unit.
e The concept map should be constructed at a high level of abstraction, focusing on the
main ideas from the unit and avoiding small details.
e The concept map should avoid technical jargon, speaking to those who do not already
know the content domain.
e The concept map should provide anchor concepts: concepts that the learner should
already know that the learner can relate the novel ideas to.
When created with the above in mind, concept maps can serve as powerful advance organizers,
leading to better understanding and retention of information /.

In engineering mechanics courses such as statics, dynamics and mechanics of materials, research
has shown promise for using concept maps as advance organizers [, Although no research
has been performed specifically in the context of engineering mechanics courses, one would
expect concept mapping to be an effective reflective learning activity in such courses, as they
have been successfully used in similar courses such as physics ..

2.3 How Are Concept Maps Created?

The process of creating concept maps, as outlined by Joseph Novak, is as follows 11,
1. When creating an expert-generated concept map, locate an expert. This is someone who
is very familiar with the content and is an expert problem solver in the domain.
2. Set the limit and context for a concept map by having a focus question. This is a single
question that the knowledge represented by the concept map should answer.



3. Write down all the concepts related to the question using either a concept mapping
software, or using adhesive notes. Generally, 15-25 concepts are recommended.

4. Organize the concepts by moving them around and drawing links between nodes that
indicate the relationship between the two concepts.

As is evident in the above process, current methods limit the scope of the concept map. The
established process works well to create concept maps for smaller instructional units, but a single
focus question with 15-25 concepts is insufficient to capture the curriculum of an entire course.

The limitation on scope is imposed due to limitations in the size of a concept map that can be
effectively interpreted by a learner. The problems learners experience in interpreting large scale
concept maps have been labeled “map-shock” !, Map-shock is a cognitive and affective
reaction that a learner has to the presentation of an overly large and complex concept map. This
reaction leads to the incomplete processing of the concept map reducing its effectiveness as an
advance organizer.

2.4 What are the Potential Uses for an Expert-Generated Course-Wide Concept Map?

Because large and complex concept maps can induce map-shock for viewers, they are not
directly useful as advance organizers. Though expert-generated course-wide concept maps are
too large and unwieldy to be useful advance organizers, they do have potential uses as
pedagogical tools.

The first potential use of course-wide concept maps is to use the concept map as a lesson or
curriculum planning tool. By mapping all course concepts and their interrelationships, the
instructor gains insights into the order in which information should be presented and can quickly
identify any conceptual gaps that may be present in their instructional plan. Research has shown
that instructors who were introduced to concept mapping as part of the lesson planning process
have found the strategy helpful and have continued to use the strategy in lesson planning M [t
Additionally, instructors in highly interconnected courses, such as statics, dynamics and
mechanics of materials, can use course-wide concept maps to clarify and negotiate the content
covered in each course. The instructors can directly examine how information in each course
flows into the next, ensuring there are no gaps in knowledge between the prerequisite and post
requisite courses.

Another potential use for course-wide concept maps is as an expert-generated map that could aid
with scaffolding a student’s cognitive framing of the curriculum. In order to mitigate learning-
losses associated with map-shock, the authors are currently researching the use of an interactive
digital system designed to manage concept map presentation in a manner that follows
information visualization best practices. This tool, termed the “adaptive concept map,” is a
software prototype that adjusts a digital display in order to provide user control over the amount
of information displayed in a concept map at any one time.



By managing the amount of information displayed, the course-wide concept map could be used
as a cohesive advance organizer that promotes conceptual understanding for an entire course.
This adaptive map tool could be used as a navigation system for digital course textbook, and
should promote conceptual understanding of the material across the entire course, just as static
maps have enhanced learning for smaller digital texts 24!,

3. Course-Wide Concept Map Creation Process

3.1 The General Process

The general process developed by the authors to capture the knowledge of an expert in the form
of a course-wide concept map is as follows:

1. Locate an expert. This is someone who is very familiar with the content and is an expert
problem solver in the domain.

2. Use existing textbooks and course syllabi to brainstorm concepts that are covered in the
course. Record these concepts using either a concept mapping software, or by writing the
concepts down on small adhesive notes.

3. To facilitate the organization of the concept map, first group the concepts by placing the
concepts into groups that are traditionally taught together. Form labels for these groups
and definitions of what does and does not belong in each group. Continue grouping and
adjusting group labels until all concepts are placed in a group.

4. Check for repeated or extraneous concepts in each group. Remove these concepts.

5. Within each of the groups, organize the concepts in a concept map by drawing links that
indicate the relationships between the nodes in the group.

6. After concept maps have been made for each group, draw in the cross links (links
between concepts in different groups).

7. Revise and refine the concept map through discussion with other experts and students
learning the material.

The above steps are applicable to any engineering course, and should result in a concept map of
that course. The strategy presented here differs from the process presented in Section 2.3 in two
major ways. First, the new process uses a bottom-up concept generation strategy where existing
materials are used to guide brainstorming, rather than using a top-down focus question approach.
Second, in order to deal with the large number of concepts, all concepts are grouped as an
intermediate step towards structuring the concept map. Details on the new process, the
motivation behind each step and examples on each part of the process are discussed in Section
3.2.

3.2 The Process Exemplar of Engineering Statics

In this section, the authors present an example of using the general process described in Section
3.1. Specifically, the authors present the creation of a concept map for an Engineering Statics
course.



Step 1:Expert Consultation

The process of creating a concept map of engineering statics was intended to capture the
knowledge of an expert in the domain of engineering statics. The researchers selected an expert
in the domain by seeking a faculty member who had been teaching engineering statics for many
semesters. It was assumed that the experience of teaching a course in engineering statics many
times would lead to well-developed cognitive schemas that are a trademark of expertise. To
ready the expert for the whole process, the researchers first explained what concept maps were
and how they can be used (as is described in Section 2) so that the expert would understand what
was being asked of him.

Step 2: Concept Brainstorming

Researchers decided to model the new concept map development process on the existing process
for developing work activity affinity diagrams %1, Work activity affinity diagrams (WAADs)
are implemented by user interface designers in computer science to organize the large quantities
user data, collected through surveys, interviews and observations, into coherent themes. These
diagrams can then be used by the software developers as a tool for improving the interface
design. Where the raw user data is too disorganized and unwieldy to be an effective guide for
the developers, the WAAD is an effective guide because it is more organized and manageable.
The process for developing these WAADs matches the current task because work activity
affinity diagrams take the form of large node-link diagrams, much like the desired course-wide
concept map.

Because the use of a single focus question was insufficient for identifying the scope of
engineering statics with any degree of specificity, researchers did not use a focus question. An
alternate approach was based on the development process for WAADs where developers use
large stores of user feedback to generate nodes for the WAAD. For the course-wide concept
map development process, researchers also adopted a bottom-up approach, referencing existing
materials during brainstorming to ensure that all concepts covered in a typical engineering statics
course were present in the concept map. A researcher worked with the expert and existing
materials in the form of course syllabi from two universities and four existing engineering statics
textbooks 6% to help define the content included in the concept map of engineering statics.

To generate a list of concepts, the nodes in the concept map, researchers read through the
existing materials and listing all potential concepts on adhesive notes. A concept, as defined by
Joseph Novak, is “a perceived regularity in events or objects, or records of events or objects,
designated by a label” M. This definition allows for both very specific concepts (such as a space
truss) and very broad concepts (such as engineering statics). To ensure that concept map was as
detailed as possible, the expert was told to take the narrowest possible definition of the concept,
assuming no concept was explicitly contained within another concept. The concept generation
phase of the map development was intended to be a brainstorming process. The focus was on the



generation of as many concepts as possible in order to ensure complete coverage of the course
content. This resulted in more than 100 separate concepts that were taught in the course.

Steps 3 and 4: Concept Grouping

After each concept was written on the adhesive notes, the notes were placed on a white board for
organization. The first step in the organization process was to cluster the concepts into groups of
concepts that are usually taught together. Just over ten groups were formed, labeled “chapter
groups” by researchers. During the grouping process, repeated concepts and extraneous concepts
were eliminated, subsuming concepts (concepts that could be broken into two or more sub
concepts) were broken up, and missing concepts that were identified were added. The concept
grouping process involved dialog between the researcher and the expert which was aided by
manipulation of the concept notes on the white board. During the grouping process, the nature of
the links between the concepts was intentionally ignored. The researchers focused solely on
identifying concepts that “go together”.
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Step 5: Linking within Groups

Once the chapter groups were formed, the researchers considered each group independently in
order to identify the nature of the links between concepts within a group. First, the concepts in a
group were examined for hierarchical relationships. These hierarchical relationships are
characterized by a higher-level concept, for which an understanding or application leads to a
lower-level concept. For example, in the “Forces” chapter group the concept of a force is a
higher-level concept, the understanding of which leads to the lower-level concepts of point
forces and distributed forces. Identification of these hierarchical arrangements of concepts was
an important first step to assigning links between them.

After the concepts in a chapter group were arranged hierarchically, the concepts within the group
were considered in pairs in order to identify those concept pairs that have a direct linking
relationship. Each linked pair was designated by connecting the concepts with an arrow, starting
at the “source concept” and ending at the “destination concept.” The source concept was
generally defined as the concept that would logically be taught first in the pair. As each link was
identified, the nature of the link between the two concepts was described. Through this process



the researchers found that all of the concepts in the map could be linked using one of six general
linking relationships:

ALT - Destination concept is an alternate representation or model of the source concept

(a non-directional link).

APP - Source concept is applied in the destination concept.
CON - Source is a concept that is required in order to define destination.

DRV - Destination concept is mathematically derived from the source concept.
MTH - Destination concept is a method used in a situation described in the source

concept.

SUB — Destination concept is a subset of the source concept.

By assigning one of these linking relationships to each link within a chapter group, a concept
map for each chapter group was generated. The “Friction” chapter group from Figure 2 is
further developed by linking concepts within the group (shown in Figure 3).
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Relationships between the friction chapter concepts added

Step 6: Linking across Groups
Next, each chapter group was inspected in order to identify links that are external to the group.
These are links between concepts in different concept groups. For example, the concept of a
“point force” that is contained in the “forces” chapter group is linked to the concept of “cables
with point loading” that is contained in the “flexible cables” chapter group. As each external
link was identified, it was assigned one of the six linking relations described above. As seen in



Figure 4, the crosslinks that connect concepts in different chapter groups (the white boxes
represent links to concepts in chapter groups displayed elsewhere on the concept map) are added.

The collection of all chapter groups along with their internal and external linking relationships
constitutes a complete concept map for engineering statics. It is possible to display the entire
map in a single graphic by including all chapter groups and connecting all of the external links.
Such a graphic, while complete, would be of limited use as a teaching tool due to the problem of
map-shock discussed in Section 2.3.
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Relationships to concepts in other chapter groups added

Step 7: Revise and Refine

After the crosslinking of the concepts was complete, the first draft of the concept map was
deemed to be complete. Using the concept map to develop and create instruction (in the form of
instructional web pages to be used in the adaptive map; Section 2.4) has led to many revisions of
the map. Just as in product design, there is no one “correct” concept map for any given subject,
and continuous revision and improvement are possible. The concept map created with the above
process was a starting point. Feedback from the use of the concept map as either an instructional
design tool or as a learning tool for students should be used to further refine the concept map.

The complete concept map of engineering statics developed by the researchers is too large to be
displayed in the paper. The most current version of the course-wide concept map for engineering
statics can be viewed at the following website:
http://filebox.vt.edu/users/moorej7/statics_concept _map.pdf



http://filebox.vt.edu/users/moorej7/statics_concept_map.pdf

4. Concept Map Validation

In order to validate the course wide concept map, the map was reviewed by a secondary
experienced statics instructor that was external to the original concept map creation process.
This external expert was given instruction on what concept maps are and how they are
constructed (similar to the instruction given to the original statics expert, Section 3.2 - Step 1).
The external expert was then given a copy of the complete concept map of engineering statics
and asked to review the map for completeness and for accuracy and to record any changes or
additions they would recommend. After the external evaluator had sufficient time to review the
map individually, the external evaluator met with one of the researchers. The researcher and the
external evaluator went through the evaluators notes, discussing each of the notes the evaluator
prepared.

The evaluator did not suggest any major revisions, indicating that the course-wide concept map
developed was largely complete and accurate in the eyes of the outside expert. The evaluator did
suggest the modification of several links, the subtraction of three concepts, and the addition of
two more concepts. With a map of more that ninety concepts however, this is a high ratio of
agreement between the experts.

Future evaluation with students in an instructional environment is needed to validate the course-
wide concept map as an effective learning tool; however, map-shock will prevent the course-
wide concept map from being effective in its current state. The authors intend to validate the
course-wide concept map in conjunction with the adaptive map prototype. By using the adaptive
map software to view and interact with the statics concept map developed here, students should
be able to use the statics concept map effectively as an advance organizer. Only once the
software is developed to mitigate map-shock can the course-wide concept map be effectively
validated as an instructional tool.

5. Closure

In this paper, the authors present a process for developing concept maps for an entire engineering
course. In addition, the authors validated its use in the creation of a map for an engineering
statics course. Course-wide concept maps have the potential to serve as useful tools for both
instructional design and as learning tools for students, though more research is needed to explore
their full potential.

The outlined process of developing the course-wide concept map contributes to the field of
engineering education by enabling course-wide concept maps to be created for other engineering
courses. By building a set of course-wide concept maps and connecting these maps, instructors
and students alike can examine how knowledge in higher-level courses builds upon foundational
courses. This can lead to a more holistic view of the knowledge that students are learning in
their engineering courses.



The concept map of the domain of engineering statics contributes to the field of engineering
education by helping better understand the concepts taught in engineering statics and how they
are interrelated. By explicitly outlining the concepts to be taught and their relationships to one
another, the concept map can help instructors and students alike form a more cohesive
understanding of the body of knowledge taught in the engineering statics.

To build upon this work in the future, the authors will implement the adaptive map tool
described in Section 2.4 to present the course-wide concept map of engineering statics as an
advance organizer that does not induce map shock. The researchers will then evaluate the cyber-
infrastructure system as a learning tool in an educational setting. This forthcoming research
should help further define the potential of large-scale concept maps in engineering education.
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