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Abstract

A research program at Cornell University that sought to study the ability ofritlstecond grade
children to acquire basic science concepts and the effect of this learning on later schodbing led
the need for a new tool to describe explicit changes in children’s conceptual umdiagsta
Concept mapping was invented in 1972 to meet this need, and subsequently humerous other uses
have been found for this tool. Underlying the research program and the development of thie concep
mapping tool was an explicit cognitive psychology of learning and aguticéxconstructivist
epistemology. In 1987, collaboration began between Novak and Cafias and others at the Florida
Institute for Human and Machine Cognition, then mdithe University oWest Florida. Extending

the use of concept mapping to other applications such as knowledge elicitation, anegttztiom

of concept mapping with the World Wide Web (WWW) led to the development of software that
greatly enhanced the potential of concept mapping, evolving into the current version of CmapTools
now used world-wide in schools, universities, corporations, and governmental and non-
governmental agencies. Differences between concept maps and other knowledge reépnesentat
tools, some of which built on early concept mapping studies, are described. The intedration o
concept mapping software programs with the WWW and other new technologies permits a new
kind of concept map-centred learning environment wherein learners build their own knowledge
models, individually or collaboratively, and these can serve as a basis for life-l@rgngfal
learning. Combined with other educational practices, use of CmapTools permits a New Model for
Education, described briefly. Preliminary studies are underway to assess the possibilities of th
New Model.

Keywords: concept map; development; history; meaningful learning; CmapTools; knowledge
representation; New model of education

I ntroduction

This paper describes briefly the theoretical foundations for Nevasearch program at Cornell
University that led to the development of tlmmcept mapping tool, and tih@nge of applications
for this tool. In the history of science, there are many examples where the necessity to develop
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new tools to observe events or objects letheodevelopment of new technologies. For Novak’s
research program, the necessity to find a better way to represent children’s conceptual
understandings and to be able to obsem@i@t changes in theoncept and propositional
structures that construct tesinderstandings led to the development of the tool we call a
concept mapThis tool has now become a powerkiulowledge representation tool useful not
only in education but in virtually every sectortafman activity. We beginith a brief historical

sketch of problems and issues addressed imetbearch program, and proceed to describe how
the integration of concept mapping with new technologies laabled the development of
software programs that greatly enhance the capabilities of the tool.

One of the issues debated in the early 1960% tiva extent to which children could profit from
instruction on abstract, basicieece concepts such as the nature of matter and energy. The
dominant thinking in science education angdelepmental psychology was centered on the work

of Jean Piaget [1], particularly his idedsoat cognitive operational steg. Piaget had devised
some ingenious interviews administered to children, the results of which could be interpreted to
support his theory of stages of cognitive operal development. It was widely assumed that
children could not profit from instruction in such abstract concepts as the nature of matter and
energy before they reached the formal openatii stage of thinking at ages 11 or older.

The fundamental questions that comegt Novak and his research group were:

1. Are these claimed cognitiveperational limitations of chilgén the result of brain
development, or are they at least partly an artifact of the kind of schooling and
socialization characteristic of Piagesabjects, and those commonly tested in US
and other schools?

2. With appropriate instruction in basic science concepts such as the nature of matter
and energy, can six to eight year-oldidten develop sufficient understanding to
influence later learning?

3. Can the development of chih’s understanding of sciee concepts be observed
as specific changes in their concepisd propositions resulting from the early
instruction and from later science instruction?

4. Will the findings in a longitudinal studyupport the fundamental ideas in Ausubel’'s
[2] assimilation theory of learning?

Answers to these questions could only be obthine first designing systematic instruction in

basic science concepts for 6-8 year-oldldren, and then following the same children’s
understanding of these concepts as they progressed through school, including later grades when
formal science courses were taken. We were interested in observing very specific changes in the
concept and propositional meanings held bydhiédren as they progressed through school, in
accordance with Ausubel’s[2] cognitive theowyf learning. This was the instructional
development and research gtjNovak’s group set out to do.

Development of instructional rtexials in the longitudinal studyas by means of audio-tutorial
lessons, in which children learned from audpss that were developed and that were
supplemented with film clips and equipment. Ehalio-tutorial lessons were based on ideas in
the National Science Teaers Association repqrimportance of concepailischemes for science



teaching[3], and an elementary science textbook seflibs, World of Scienc]. Development

of these lessons began in 1965, and a suftigi@ol of lessons was available by 1970 for a
planned longitudinal study. The study begari@Y1 with 191 first grade children (age 6) who
received 28 audio-tutorial lessons in grades one and two, and 48 children who did not receive
these lessons. Children were interviewed pecati throughout their school tenure, grades one
through twelve, to ascertain the extent to which they were acquiring an understanding of
concepts of matter, energy, and living systems.

The key principle of the Ausubelian learning theory [2, 5] we considered in the design of our
lessons comes from the epigraph to his 1968 book:

If I had to reduce all of educational psycholdgyust one principle, | would say this: The
most important single factor influencing leamg is what the learner already knows.
Ascertain this and teach him accordingly.

Together with the graduate students we walddelop an idea for a new lesson, interview 6-8
primary grade children in an open ended interviasyally using some of the “props” we were
planning to use to teach the central concepttheflesson, such as pictures, materials to be
manipulated, loop films or apparatwe were considering. Thesderviews gave us some idea

of what anchoring concepts most of the children already had, and gave some preliminary
feedback on how they were interpreting orngsthe props. This process was often repeated
several times, and again after lesson proegywere developed. On average, each lesson
underwent 6-8 revisions before it was deemedyda use in classrooms. We also considered
Ausubel’s ideas oprogressive differentiatiorand integrative reconciliationin designing the
lessons and lesson sequences. The idea of progressive differentiatiors rigistudents build

upon their prior relevant concepts, and elaboecepts acquired in earlier audio-tutorial
lessons in a sequence as they study lateterkleessons. Furthermore, many concepts were
revisited in later lessons, but withfferent examples or props &ffect greater differentiation of
concepts introduced earlier, and thus also to achigggrative reconciliatiorof concepts. The
principle of integrative reconciliation applies to the clarification of ideas that may have been
initially confusing to a child or where meanings acquired may have been somewhat distorted.
Learners often holdnisconception®r faulty ideas that need to be modified or remediated, a
process that requires meaningful learning [6]. We used things that were familiar to the students,
and we would build on the familiar to point them to see new aspects or dimensions of the new
materials observed, much of thisough the audio guidance.

We designed interviews to use some of the materials that were in the lessons and other materials
that were different but illustrated the same concepts. We prepared interview kits, and these were
used by a number of different graduate studewij some instruction in how to do the
interviews. Interviews were done with the Instructed students several times during the first year,
including interviews on topics other than théuna of matter and energy. However, we found we

did not have the staff resourdescontinue interviewing all Instructed and Uninstructed students

on several domains of scienamd chose to interview studsnbnly on concepts of matter,
energy, and energy transformationBhe same interview kitsvere used as the students
progressed through schoalnd over the 12 years of the study. We also did not have staff to
interview all students each yeand we had to choose a randommpke from the Instructed and



Uninstructed groups for later years of the studlly.interviews were tpe-recorded and some
were video-recorded. During the course & #tudy, 24 different graduate students and staff
members participated in the interviewing and later analysis of the data.

The Invention of Concept Mapping

As our longitudinal study progssed, we were accumulating hundretimterview tapes. As we
transcribed the tapes, we cooldserve that propositions used by students would usually improve

in relevance, number, and quality, but it was still difficult to observe specifically how their
cognitive structures were changing. Our researaimteonsidered variowsternatives we might
explore, and we again reviewed Ausubel’'s ideas regarding cognitive development. Three ideas
from Ausubel’'s Assimilation Theory emerged as aariv our thinking. First, Ausubel sees the
development of new meanings as building aorprelevant concepts and propositions. Second,

he sees cognitive structure as organized hierarchically, with more general, more inclusive
concepts occupying higher levels in the hielngrand more specific, less inclusive concepts
subsumed under the more general concepts. Third, when meaningful learning occurs,
relationships between concepts become more explicit, more precise, and better integrated with
other concepts and propositions. In our disarssi the idea developed to translate interview
transcripts into a hierarchical structure of concepts and relationships between concepts, i.e.,
propositions. The ideas developed into the invention of a tool in 1972 we now cedintbept

map

Concept maps, as we use the term, show the specific label (usually a word or two) for one
conceptin a node or box, with lines showitigking wordsthat create a meaningful statement or
proposition. We define concepts as perceived eggigdds or patterns in events or objects, or
records of events or objects, designated by a label. Concepisarged hierarchicallywith the

most general, most inclusive concept at the top, and the most specific, least general concepts
toward the bottomPropositions are statements about soregent or object that shows a
relationship between two or mocencepts. There may also &r®ss-linksshowing relationships
between concepts in two different areas @& tdoncept map. Identifyingew crosslinks may
sometimes lead to a creative insight. Conceppanare also based on an explicit cognitive
psychology of learning, andonstructivist epistemology, asoted below. Other knowledge
representation schemes, such as Mind Mags J3ually lack one or more of the above
characteristics. Many softwapgograms such as InspiratioBmart Ideas, and others built on
communications with Novak or on his writings.h@t forms of knowledge representations have
been described by Jonassen, Beissner, & Yacci [8], as well as dtfiensiation Visualization
publishes papers describing a mlaxcbader range of informationsualizations techniques, some

of which are very different from concept mapattteal primarily withconcept and propositional
knowledge (see Novak & Cafias [9] for furtheformation on the Theory Underlying Concept
Maps and their use).

We were somewhat surprised to find that we could rather easily transform the information in an
interview transcript into a concept map. We fduhat a 15-20-page imigew transcript could

be converted into a one-pagencept map without losingsgential concept and propositional
meanings expressed by the interviewee. We sealized this was a very powerful and concise
knowledge representation toa tool that changed our research program from this point on.



Figure 1 shows examples of concept maps vesvdrom interview transcripts for one average
Instructed student at the endgrfades 2 and 12. Note that whilew concepts such as “atom”

are assimilated into her cogneiwstructure, she also hasgated some new misconceptions.
This is characteristic of students who sometimes learn by rote and sometimes at relatively low
levels of meaningful learnindrigure 2 shows concept maps we drew from interview transcripts
with one Uninstructed student at the end afdgis 2 and 12. This latter student was obviously
disposed to learn meaningfully rather thanrbte, and he shows clear evidence of progressive
differentiation and integrativeeconciliation of his cognitive structure in this domain of
knowledge. However, the mean quality of mapslfstructed students was substantially better
than for Uninstructed students [10].
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Figure 1.Two concept maps drawn from interviews with an average-ability audio-futoria
instructed student at the end of grade 2 (A above) and at the end ofLgré@ebove).
Notice that while she has more knowledge, she also shows some misconceptions.
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Figure 2: Two concept maps constructed from interviews with an exceptionally good student, who
did not receive audio-tutorial instruction, at the end of grades 2 (A above) and adl thiegeade12
(B above). Note the high degree of acquisition and integration of new concepts and propositions.

For our research project, the use of concept mlagsn from structured interviews became the
primary tools we used to ascertain what heas know at any point in their educational
experience. While it does take an hour or twodo experienced person to make a concept map
from a 20-30 minute interview transcript, the precision and clarity of the learner’'s cognitive
structure represented this way made it relatively easy to follow specific changes in the student’s
knowledge structures as she/hegressed through the grades. W&o used concept maps made

by our research staff to identify valid and invaiigtions held by students. It should be noted that
these concept maps were made by many diffegeaduate students over the span of the study,

but still the consistency in the patterns observed for each student was remarkable. This illustrates



in part the robustness and liday of this form of knowlelge representation, as well as
consistency in interviewer elicitations over time. The consistency with which the same valid or
faulty knowledge structures were shown iancept maps drawn by different researchers
illustrates the robustness anckliability of the technique of representing children’s
understandings in the form of concept maps. 8agbsntly other investajors have also found
concept maps to be reliable, valid indicatorsaficeptual understanding and changes in relevant
concept and propositional sttures over time [11-13].

Development of a New Epistemology

The 1960s and 1970s was also a time whewrwa epistemology was emerging, catalyzed by
such works as Kuhn’s [14[he Structure of Scientific Revolutioasd Toulmin’s [15] Human
Understanding: the Collective dsand Evolution of ConceptsThis emerging realist or
constructivist epistemology viewed the creatiomei knowledge as a social, human endeavor,
fraught with human successes dadures and constantly evohg. This contrasted with the
“immutable truths” or “laws” that the positits sought to derivérom empirical studies
“unfettered” by preconceed notions [16, Ch. 2]. Ausubekssimilation theory could well serve
as a foundation for constructivist epistemologngcsiit explained amdividual’'s development

of conceptual understanding in a way closely fpelnag creation of knowledgan the sciences or
any other discipline. Toulmin’s description of the evolving nature of disciplinary concepts, with
new ideas building upon and modifying existirgncepts, could be seen as paralleling how an
individual's conceptual understdings develop, as describéy Ausubel [17]. Today most
members of the education community embraceonstructivist epistemology, but this was
certainly not the case during thelgarears of our longitudinal study.

From our research with children and adults, it became increasingly apparent to us that
meaningful learning was the most important éaah building powerful knowledge structures,
and by contrast, learning by rote contributed littiouilding individual’s knowledge structures,
nor does rote learning result in the remediatbmisconceptions held by learners. Novak found
that the use of concept maps could help studeats how to learn meaningfulhand taught a
course at Cornell University for 20 years to hetipdents become bettearners. This course led
to the bookLearning How to Learrj18] now published in 9 teguages. In the 1980’s, Novak’s
research program focused on how to useceph maps to help researchers create new
knowledge. In the 1990’s, Novak worked with R&Eaff at Procter an@amble and found that
concept mapping not only facilitatdetter organization of reselhrteam’s knowledge, but also
facilitated creative work by the team. These works are summariZegaming, Creating, and
Using Knowledge: Concept maps as Hitative Tools in Schools and Corporatiofis9]. In all

of this work the most fundamental idea istthmeaningful learning not only helps learners
acquire more powerful knowledgerwttures, but it is also the means for the creation of new
knowledge. This idea is illustrated in Figure 3.
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Development of Computer-based Concept Mapping Tools

For many years, concept map were drawn bydh#arating through revisions of a concept map
was cumbersome and timersuming. Group concept mappingsens could be handled by
using post-it notes. The introdumti of personal computers enabled the development of software
programs that facilitated the construction of concept maps. Initial versions of concept mapping
programs, however, did not enhance the power of the tool — they were limited to displaying a
concept map on the screen. Programs like Inspirgpopularized the use of concept mapping in
elementary school education by allowing childrereasily add pictures and clipart to concepts.
Other software program like Knowledge Managed &mart Ideas have also taken advantage of
technology to facilitate the congttion of concept maps. Howevaetr,was the marriage of the
concept map and the Internet that launched a Baetp new world of applications and uses for
concept mapping, as exemplified e CmapTools [20] software.

In 1987, Novak was invited to spend a sabbatieave at the University of West Florida by
Bruce Dunn, a former Cornell PhD student. Thigésean association with the Florida Institute

for Human and Machine Cognition (IHM@ttp://www.ihmc.u¥, then part of the University of

West Florida, that continues today. Among the research activities at IHMC was the development
of software that enhanced the power andiealpility of concept mapsBy the late 1980’s and
beginning of the 1990’s conceptapping was being used atNKC as a tool for knowledge
elicitation [21, 22] and as thex@anation component of expert systems [23]. We started using
concept maps to organize andvigate through large amound$ information via hyperlinks
before the World Wide Web was developed [2#}d using IBM’s intenal network, students

from schools in many Latin American countries walde to collaborate in the construction of




concept maps before Internet was availabléha&ir countries [25-27]. These efforts led to the
development of CmapTools [20], a client-server software tool to facilitate the construction and
sharing of concept maps. CmapT®{the latest version of thefagare can be downloaded at no
cost for non-profit use ahttp://cmap.ihmc.ysexemplifies how, by leveraging the Internet and

the WWW, the concept map goes beyond a knowledgeesentation tool, becoming also a
mechanism to structure and navigate throughelargounts of information by serving both as an
organization medium as a well as the launching pad for searching and mining the WWW and
visualizing information [28-33].

The success of the digital concept mapping approach results from this potential to visualize in a
synergistic manner both structuresknowledge and informatiomt, thus, may compensate for
shortcomings inherent in bothe knowledge and informationsualization approaches [34].

We took advantage of these capabilities in oneunfearlier projects with NASA, who sought to
make more accessible to the public the large quantity of materials on Mars exploration [35].
Figure 4 shows an example of a couple of ephanaps in the collection prepared by Geoff
Briggs (ttp://www.cmex.arc.nasa.gpwWotice that these concept maps show icons under some
of the concepts. When the viewer clicks on theteched icons, a list of resources related to that
concept is displayed for the user to select. €rstached resources can be located anywhere on
the Internet and can include other concept méps effort demonstrates how concept mapping
has evolved by profiting from technologicahnovations from the field of information
visualization, and how anxpert’'s knowledge can provide an effective knowledge-based
structure of information [36]. Kmar and Shangai [37] and Sheh al[38] report on other
attempts to use concept maps as a means to visualize digital libraries.

From the effort in the early 1990’s to provideplatform for collaboration at the “knowledge
level” (i.e., by sharing propositions) during tbenstruction of conceépmaps by students from
many countries [26], the integration of contepapping with Internet has resulted in the
development of a framework for collaborativeork and learning. As an example, the
CmapTools Network [39] consists of hundreafsthousands of users accessing hundreds of
servers (CmapServers), through which usersladdgds and disciplines can share concept maps
and collaborate synchronously, or asynchronougly discussion threads, annotations or
Knowledge Soups (se&tp://pictor.ihmc.us/gfor a live world map of CmapTools clients and
servershttp://cmapdp.ihmc.ut navigate through theetwork of CmapServers).

The integration of new techragy with concept mapping hasdgered other apipations and
extensions to the tool, and we expect thisrémd to continue. We site a couple of examples,
without any attempt to be ogrehensive. The artificiaintelligence (Al) community has
traditionally seen concept mpging as “not formal enoughas a knowledge representation
scheme, and often proposes méwemal representations or es of concept maps. One such
effort, COE [40], uses concept map-like repréagons for capturing and formally representing
expert knowledge in the form of ontologies for use in the Semantic Web (COE can be
downloaded anttp://cmap.ihmc.us/cyeCanas and Carvalho [41] on the other hand, propose
that Al techniques can be used to aid the uséhe construction of concept maps without the
need to formalize the representation. LE42,[43] extends concept mapping to serve as a
platform for course information visualizationrfetudents and instructors. The Proceedings of




CMC2004, the First International Conference on Concept Mapping [44] contains a substantial
collection of innovative uses of concept maps.

A New Model for Education

The development of digital concept mapping sofevsuch as CmapTools, when used with the
WWW, makes possible what we caAllNew Model for EducationThe idea is that we can build

on 30 years of research that shows that we“caach” or “scaffold” learning of any subject
matter in positive ways as long a® carefully consider thameaningfullearning is a process in
which the learner must be actively engaged.[#8k New Model also builds on Vygotsky’s [46,
1928 in Russian] idea of the “zone of proxindevelopment” (ZPD). Vygotsky's studies
indicated that there is a level of understandirag #n individual has in any subject domain from
which the learner can advance to a higheellef understanding with minimal coaching or
guidance. He anticipated Ausubel's idea theganingful learning must begin with what the
learner already knows, and then build on this Kedge. One of the values of concept maps is
that when learners construct their own congeapps for a question or problem in any domain,
they reveal with considerable specificity what is their developmental potential for the topic of
study. Thus, we are provided with a clear viegfw/what the learner already knows” and we can
design instruction to build upon this. It is algossible to provide the learner with an “expert
skeleton” concept map that builds on what tlarer knows and guides the learner in advancing
to a higher ZPD. Figure 5 shows an example of an “expert skeleton” concept map we are
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by J. Novak

(Focus Question: What is electricity?J
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providing to x grade students in our current workltaly and Panama. Other “expert skeleton”
concept maps can be seen at tHMC Public CmapsCmapServer under “The World of
Science” folder.

We generally recommend that learners buildcemt maps in small groups, since the exchange

that occurs between learners can often serveotecect faulty ideas and promote meaningful
learning. In part, this results from the fact ttie# cooperating learners are at approximately the
same ZPD level of understanding, much more aa teacher and learner. Thus their exchanges
tend to be more meaningful to each membeahefgroup. Cooperative learning also confers an
affective advantage to learners over the usual independent, competitive teaching approaches that
can be emotionallgeleterious [47].

Effective education programs provide for a widege of learning activities including selected
readings, Internet searchespject work, report preparatioand presentation, drawings, video
presentations, collaborative research, and other activities. With CmapTools, it is possible to
develop a general concept magséove as a framework for guidingetie studies and as a tool to
integrate all other learning activities into one highly organikadwledge modelThis is
illustrated in Figure 6. These knowledge models lwarshared with others, stored on a server,
and used as an “archive” that can serve aaréirgy point for future stdies. CmapTools can be
very useful for home study and diate learning [48, 49]. It is exciting to imagine what learning
possibilities would accrue if school childrenga@ developing their knowledge models for
various subject matter domainsaarly grades and continuedstiprocess through secondary and
tertiary schools. So far, our work in Italpé Panama is showing progress even though we are
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only in the early stages of applying the N&odel and CmapTools in the projects’ schools.
Other efforts are applying the same ideas in the corporate environment, transfiaming
programs into highly effectiveeducating programs. The result walilbe higher levels of
competence in routine tasks, and higher legélsreativity and success in finding new solutions
to problems.

Conclusions

The extensive and ever growing use of conoegpping throughout the world is reflected in the
popularity of digital concept mapping softwares, @pplication in all doains of knowledge and

by people of all ages, and in the success efititernational Concept Mapping Conference (see
http://cmc.ihmc.udor information on the conference). §mtegration of concept mapping with

the WWW has opened a whole avenue for research and development where information and
knowledge leverage on each other as new meangsualization, and we are only seeing the
initial stages of what is possible.

Over the three decades that we have beserking with concept mapping, we have found
virtually every year new methods for creating cgpt maps and new applications for their use.
New technologies have helped increase the nuwibapplications and the power of the tool. It
is likely that this evolutionarprocess will continue in the futyrand we look forward to sharing
new applications and experiences with others.

[Focus Question: What has been learned in studies about Mars?J
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Figure 6. A representation showing how a concept map for Mars can be used
“scaffold” learning in a New Model for Education by adding resources of a wide
variety of types. The product becomes an evolkimpwledge modehat can be
saved and improved in the future.
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