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Abstract. A key educational finding from learning researshhat
every student brings preconceptions about how thddvwvorks to
every learning situation, and that these initiatlenstandings need
to be explicitly targeted as part of an effectimstiuctional process.
Our work focuses on the design and evaluation oératto-end
prototype of a “customized learning service for aept knowledge
(CLICK)” to enable student-centered customizatibgscomparing
learners’ conceptual understandings, depicted asegd maps,
with reference domain concept maps generated Hyzng digital
library resources. These comparisons enable lepennironments
to provide customized retrieval, delivery, and prgation of
educational resources drawn from digital librari€@eliminary
analysis of data collected in a study with humameets has
validated our research approach and provided Kesigtits
concerning our design strategy for the natural lagg processing
components of CLICK.

1 INTRODUCTION

Over the past two decades, cognitive researchxsamieed the role
of background knowledge, individual differences amaferred
learning styles in influencing learning outcomeg A key finding

is that every student brings preconceptions abowt the world
works to every learning situation, and that thegstial

understandings need to be explicitly targeted adg pé the
instructional process. Simultaneously, there hawenb major
demographic shifts taking place in learning popatet the world
over, with many classrooms containing learners frdiverse
cultural backgrounds and prior experiences [2]. dators
increasingly need support to customize educati@uatent and
activities to meet the needs of a heterogeneowestipopulation
[3].

In this paper, we discuss our work related to tesigh and
evaluation of an end-to-end_ustomized éarning serde for
concept_kiowledge” (hereafter referred to as the CLICK Seayi
The goal of this service is to support learner ust@d@ding of
science content and to promote effective learnioggsses through
the customized retrieval, delivery, and presentatd educational
resources drawn from digital libraries. Studenttessd
customizations will be made by analyzing learneverk artifacts
(e.g., student essays) to automatically generatorecept map
depicting their existing understanding. The CLICKer8ce
compares these student maps with “reference” canoeps that
depict essential domain ideas to identify potentgEps or
misconceptions in learner understanding. The CLISKrvice
delivers relevant digital library resources to tHearner,

! Department of Computer Science, University of Gadim, Boulder,
Colorado 80309-043@firstname.lastname@colorado.edu}

contextually presented within a concept map, topsupfurther
student investigations in the identified areas. f@gearch is guided
by the following research questions:

1. What are effective operations for comparing conaapps to
identify conceptual gaps in student understandifgsalence
ideas?

2. How can natural language processing techniques see to
analyze digital library resources and student estaycreate
concept maps that effectively depict essentialnegiedomain
ideas and student understanding of science topics?

3. How can automatically generated concept maps be tse
customize interactions between the learner andadliibrary-
based learning environments?

4. How effective are customized learning interactiémsconcept
knowledge in supporting learning processes and négar
understanding of science content?

The science content focus for our work includes W high
school (grades 9-12) Earth science learning gqadsiied in the
“Changes in the Earth’'s Surface” Strand Map, phielis by the
American Association for the Advancement of Scief8AAS)
and the National Science Teacher's Association Tjis map
specifies 21 nationally-recognized learning goadfining what
high school students should know, or be able towdit, respect to
understanding plate tectonics and weathering, imgjldn abstract
concepts such as multiple, interacting time scales, energy and
heat transfer. Student-centered customizationsh sag those
envisioned for the CLICK Service, are predicatedttom existence
of rich dynamic models of student understanding §h, Such
models depict the key ideas that learners shouttenstand, how
these ideas are interconnected, and how these ateamje over
time [4, 7, 8]. We will use innovative natural larage processing
(NLP) techniques to analyze grade-appropriate eohunz
resources about Changes in the Earth’s Surfaceyndrfaom
collections in the Digital Library for Earth SysterScience
(www.DLESE.org), to create reference concept mdpgheoscience
topic. These reference maps model the core confmytsl in these
learning resources and the interconnections bettfese concepts.
The basic assumption behind this approach is trextet reference
maps, computationally derived by analyzing libreggources (e.g.,
background texts, lesson plans, classroom ac8yitiend lab
activities), will prove to be rich and robust repeatations of
essential science concepts for a targeted topigeadke range. We
will extend these NLP techniques to the analysisstfdent-
generated essays to develop representations oéntustudent



understandings that can be compared with the referamaps.
Essays have been selected as a vehicle for captwtindent
understanding because writing essays is a fanélie for students.
Essays also provide an appropriate form of verbata dfor
processing using a variety of NLP techniques. H@axethe CLICK
Service aims to provide generalized supports fonceptual
knowledge remediation in a variety of online leagi
environments. We will assess student learning bghysihg students’
cognitive and behavioral processes when using tHEIC Service
as compared to an existing interface for the Diditirary for
Earth System Education (DLESE), and by measuringl an
comparing student conceptual change.

Over the past decade, there has been vocal ardevisiblic
demand in the US for improved science educatiorosacithe
national, state, and local levels, and a call forater access to
quality science education for all citizens [9-1th.part, this call is
being answered by the emergence of operationataflitifpraries
devoted to science education across a range ofncsgie
mathematics, engineering and technology disciplindsvo
prominent examples are the National Science Digitddrary
(www.NSDL.org) and the Digital Library for Earth §&em
Education (www.DLESE.org). Both of these librarjoefs aim to
make accessible an array of high-quality collectitmserve diverse
constituencies of users, from research scientieteducators, to
students, at all educational levels, in both forraall informal
settings [12-14]. The outcomes of this researcH pibvide a
model for building student-centered learning envinents on top
of educational digital library platforms. This costized learning
support represents a critical step towards makiigitadl library
resources more useful for diverse and heterogenetudent
populations.

2 RELATED RESEARCH

Concept maps can be effective representationsagndse learner
understanding and to scaffold the development sfrabt science
concepts. Concept maps are node-link diagrams tegtict
concepts and their interrelationships. In our warkdes contain
richly descriptive statements that capture robosicepts and ideas
related to a domain. Prior research suggests tratept maps can
offer effective encodings of complex science donlaiowledge.
Concept maps have been shown to be reliable repetems of
learner understanding and flexible models to tracid assess
cognitive development [15]. Recent research shaemise for the
use of node and link element matching to asseskestuconcept
maps computationally [16]. In addition, learningearch suggests
that concept maps promote the development of mawe-
understandings and more effective learning in coape
situations, especially for low knowledge learnet3][ Our own
research has shown that concept maps to suppareptual search
in digital libraries encourages learners to focuseron the science
content of their task, and less on the operatiotetails of
performing searches [18]. We are extending thisrpmesearch to
consider whether presenting digital library resesrin the context
of an overarching conceptual representation canffodda
performance of the necessary cognitive skills tdegrate
information from multiple digital library resourc@so flexible and
coherent mental models.

Natural language processing techniques may be geblto
generate structured summaries of text documents.pfablem of

getting computers to produce structured text regmiagions, such
as concept maps, can be viewed as a problem ofahddmguage
generation. Fluent generation is a key componennamy NLP
applications including spoken dialog systems, keolgk-based
tutorial systems, and machine translation systegbhger the last
decade, systems that generate by summarizing maveasingly
become the method of choice in domains where agissiource
documents contain the material needed for outpatients [19].
Current approaches to summarization vary along mben of
interesting dimensions including: whether they picela summary
from a single document or across multiple documenmltether they
simply extract sentences from the source documentactually
synthesize sentences as output, and whether ttesysre domain
independent or based on a particular content dofiz@ih As we
will see, each of these dimensions is relevantht groblem of
generating concept maps for use in the CLICK Serpiototype.

The customization components within the CLICK Sesvi
extend prior research on model-based adaptive ifgarn
environments and conversational learning theonapide learning
environments provide learners with tailored guidafar particular
learning tasks [21]. Customization mechanisms inapéde
environments often make use of three types of Uyidgr
information models: an expert domain knowledge rmoaenodel
of current student understanding, and a pedagogficatiegy model
[22]. Adaptive learning research efforts using eliéint approaches
for modeling and comparing domain and learner kedgé, such
as cognitive modeling [23] and semantic analysi, [25], have
consistently demonstrated positive educational otgpa

Adaptive learning systems require a computatiomahponent
capable of determining an appropriate pedagogicategy; i.e., a
means of identifying effective instructional renmdins,
developing appropriate system responses, and pngvidseful
feedback to the learner [22]. Conversational leaynitheory
provides a framework that promotes the constructibrilexible
knowledge structures through coherent informatierspnalization
and integration [26]. This emphasis on supportinfprimation
integration makes this theory particularly relevemtpplication in
digital library-based learning environments. Acdogd to this
theory of learning, understanding of a topic tagkge as a result
of a structured, focused and iterative conversatietween an
instructor and a learner [26, 27]. Understandingdiieved when
the instructor is satisfied with the level of agremt between her
own and the learner’'s conception of a topic, andvecsational
moves are motivated by differences between theseemtions. To
support developing a coherent conceptual underistgraf a topic,
the instructor-learner conversation has to be amchm a specific
conversational domain, which is a detailed reprisdiem of the
topic under study, encoded as a knowledge structiiee
instructor-learner dialogue serves to construct a@adonstruct
learner understanding, conceptions and miscongeptebout a
topic. The theory outlines several types of taibqgedagogical
responses — discursive, reflexive, and adaptive-{28r furthering
dialogue about student conceptions.

3 THE CLICK CONCEPTUAL FRAMEWORK

The conversational theory of learning [26, 28] gsidhe design of
our conceptual approach. As shown in Figure 1)e¢bmer and the
learning environment engage in an ongoing dialafaé provides
opportunities for the learner to take action to arde her own



understanding and for the learning environmentespond with
appropriate feedback. Throughout this dialoguehbibe learner
and the learning environment enact interactionsistent with the
conversational learning theory dialogue types, nardescursive,
adaptive, and reflective interactions.
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CLICK conceptual framework

Figure 1.

Discursive interactions make thinking visible bytexalizing
internal conceptualizations for dialogue betweanléarner and the
instructor. In the CLICK conceptual framework, dégilibrary
resources provide the necessary domain text-basgeterate
reference concept maps of science topics. Theitepamvironment
prepares and delivers to the learner selected f&atgmof its
reference concept map and relevant digital libraegources.
Similarly, learners externalize their understandihgpugh essays
that provide the text-base to generate concept neyyesentations
of their understanding. In these interactions, tlearning
environment exposes its knowledge structures to I¢lagner to
facilitate thinking about science concepts, andl#aener exposes
her internal conceptions for assessment and fekdbac

Adaptive interactions guide the instructor-leardiedogue based
on the instructor's assessment of the learner'seatirconceptual
understanding. In the CLICK conceptual framewohe tearning
environment compares reference concept maps terstubncept
maps to identify conceptual gaps and select a éesappropriate
response. CLICK response types are characterizethige key
dimensions: the resource type(s) of the relevantatibnal digital
library resources, the content of those educatioesburces, and
the information presentation selected to providedfack to the
learner. The learning environment leverages iteriv@tl reference
concept map and assessment of learner understataipgepare
and deliver a learner-appropriate response, thugagéng in
adaptive dialogue.

Reflective interactions enable the learner to distalmeaningful
connections between her current understandinguirtet feedback
and the learning task. In the CLICK conceptual famrk, the
learner processes the feedback from the learnigigoemment, uses
the returned digital library resources, and engageseflective

response by integrating and internalizing newlhyntdied concepts
to evolve her current conceptual understanding.

Consider the scenario where Heather, a 12th gragce
student, has been assigned the task of writinghéineoessay on the
causes of earthquakes using CLICK. CLICK has presho
processed digital library resources from DLESE tmstruct a
reference concept map of Changes in the Earth’s&a&rwhich
includes the concepts about plate tectonics shavirigure 2.
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Figure 2. Partial plate tectonics reference concept map

Heather writes that earthquakes can occur all theeworld and
requests feedback from CLICK. CLICK analyzes andecis
critical differences between Heather's essay andend of its
internal reference concept map. To address thicaméeption,
CLICK presents the contents of this node to Heatiera hint.
CLICK's response makes Heather reflect on the inery of her
current conception. Heather remembers that thee rmapre
earthquakes in California than in Colorado. Heatgplores this
difference using a DLESE resource about plate baties
suggested by CLICK. This educational resource hefieather
understand that earthquakes are concentrated alplage
boundaries.

Heather continues writing her essay indicating thai plates
pushing against each other cause earthquakes anhdatid above
such plates is more susceptible to earthquakesthiat point,
Heather requests CLICK to verify her conceptionI@K detects
that Heather's essay closely resembles the conespbedded in
the three nodes labeled 2 in Figure 1, but she issing the
concepts that “divergent boundaries and transfooombaries also
cause earthquakes”. CLICK presents these fragmeftghe
reference concept map to Heather as a suggestiompoovement,
including links to access age-appropriate digiiatary resources
from DLESE relevant to these concepts. With CLICKSsistance,
Heather begins to understand the relationships dmtwthese
concepts.

4 CLICK RESEARCH COMPONENTS

Our overall research agenda comprises the followkey
components: expert study, concept map generatiblCICservice
implementation, and educational impacts assessment.



4.1

The expert study serves to gather human data awerefe and
concept map representations, and processes foracomgpthem.
The purpose of this study is three-fold: (1) to emsthnd how
human experts extract conceptual knowledge fromcaibnal
resources and student work, (2) to understand tbeepses by
which human experts compare concept maps to igeptifential
differences in understanding, and (3) to understaog experts
select digital library resources for appropriatestinctional
remediations.

The study participants include science domain astructional
design experts drawn from the University Center Abmospheric
Research and the Department of Geology at the lhifyeof
Colorado at Boulder. We are working with domain arstructional
design experts to identify approximately 20 DLES&saurces
corresponding to the learning goals from the Chauriig¢he Earth’s
Surface Strand Map. An equivalent number of stuésstays have
been elicited from undergraduate students withe litidditional
science education beyond their high school courses.

Expert study

resulting clusters are taken to represent the wariopics discussed
in the source documents. Roughly, these clustdiserrespond to
the nodes typically found in concept maps sucthasohes shown
earlier in Figure 2. The key tasks here include
selection/development of a suitable similarity rgetand an
effective clustering mechanism. A key challengethis task, not
found in most summarization settings, will be taaldeith, and
exploit, the fact that our digital educational nes®s are typical
Web artifacts consisting of images, diagrams, angotentially
complex hypertext structure.

Having determined the set of concepts to be indute a
concept map, the next step in our approach isddyme the text to
be associated with each concept. Following mostnteesearch on
summarization, we will employ a process of firstlesting
sentences that are most representative of eachegband then
modifying the resulting text to fit the needs oftgmtial readers. In
our setting, this second phase will focus on thastaint of
producing concept maps that are appropriate farifspe grade and
reading levels.

Our next challenge is to identify the underlyindati®nships

In order to understand how humans extract conceptua,yong the concepts discovered in the resourcestadent essays.

information from textual materials, expert partaips generate
concept maps for each of the selected library ressuand student
essays. From these concept maps, experts workboddiévely to
distill a reference map synthesizing the importience concepts
and ideas reflected in the resources. For concapsno be a useful
tool for identifying students’ conceptual needspgasses and
mechanisms for comparing the reference map andaheept maps
of student essays must be identified. Thus, thesrexparticipants
compare each of the student essays to the refereapdo identify
gaps in understanding and to recommend the typdiivél library
resources that may be used by the learner to kod@ledge in the
identified area.

The reference map, the identified comparison pseEgsand the
remediation recommendations will inform the desifithe CLICK
Service prototype. The concept maps and the referemap
resulting from this study will also be used to guttie development
and evaluation of the NLP algorithms used to autmaly
generate concept maps.

4.2

We are casting the problem of generating concepisrfa specific
science domains from digital educational resousasea problem in
multi-document analysis and summarization. Our segoroblem
of generating concept map representations of iddali student
essays is treated as a process of informationatixinrathrough the
alignment of the contents of students’ essays Withappropriate
reference map for the domain in question.

Most state-of-the-art multi-document summarizerd] [dperate
by first segmenting source documents into fundaeigekt units,
such as sentences and paragraphs, and then graingisg units
into clusters of similar units. These systems dgeray first
characterizing the units as a vector of featuresveld from a
linguistic analysis of each unit. Typical featuieslude the set or
words that occur in the unit, their parts of spedatger syntactic
base phrases, syntactic structure, etc. Once fikeane represented
formally as a vector of features, a similarity nef{29, 30] can be
employed to project the sentences into a spacellmasthe distance
between sentences imposed by the similarity meaBased on the
topology of this space a set of clusters can themiracted. The

Concept map generation

Concept maps, of the kind we are considering, dotébeled and
unlabeled binary relations between the conceptsrtteke up the
map. Our primary task here is, therefore, to craagstem that can
determine whether or not two concepts should bectlyr linked in
the map, and if so what label should be assignékaioconnection.
Following on work applying machine learning techrég to the
extraction of both content [31] and discourse [3&lations in
unstructured text, we propose to apply a similgsrapch to this
problem. A two-phase supervised machine learninpgagzh using
Support Vector Machines (SVM) [33] will be followe8VMs are a
robust and principled method for creating classsfi'om labeled
training data that have proven to be extremely m@teuwhen
applied to a wide variety of language-related td84s37]. In the
first phase, an SVM classifier will be trained take a binary
classification as to whether two concepts shouldrddated in a
concept map or not. Following this phase, an N-alagsifier will
be trained to classify relations according to thaipe. The
annotated materials developed during the expedystill be used,
as well as additional materials specifically antedafor this
purpose, to create appropriate testing and traimatgrials for this
task.

Finally, student essays tend to be short, oftekirgcin well-
developed discourse structure and in appropriatatwdary for the
domain under consideration. Because of these eont&ty the
approach taken to summarizing digital educatioreslources is
unlikely to succeed with student essays. Instead,approach to
generating concept map representations of studsalys, takes an
information extraction approach to summarizatian.ifformation
extraction, unstructured documents are processedddmtifying
specific spans of text within the documents thatexpond to pre-
specified slots associated with reference framatsdéfine the topic
under consideration. This computational approacmios how
educational researchers originally employed thecepnmap used
to plan a student interview as a template to captoontent
knowledge elicited from the student during the atenactment of
the interview [38]. In adopting this approach, w&swane that a
relevant reference concept map, which plays the obla frame, is
available to the system as student essays aregseateThe system
will first segment student essays into coherentsueimploying

the



techniques similar to those described above, aad #lign those
units with the corresponding elements in the refeeeconcept map.

Not surprisingly, most current information extracti systems
are based on supervised machine learning approaciiese a
system is trained to associate particular spatsxbfwvith particular
slots through the use of annotated training da®4[d. We will
take a similar approach, where the concept mapsrgd from
student essays developed during the expert stultlyphay the role
of our initial training material.

4.3 CLICK service implementation

We will design and implement a prototype of the CKIl Service
using a task-centered design methodology [43] wéthchers as
design consultants. We will bring together teacharscience to
explore educational practice issues related to cefe
conversational learning strategies. This workshdpfecus on the
discovery of conceptual breakdowns and appropri@teediation
strategies using concept maps in education. Theerieri for
selecting workshop participants include instructioexpertise in
plate tectonics and experience integrating digliataries into
classroom practice. This workshop will elicit expeducational
practice knowledge following a participatory desigrethodology
[44] with teachers as cohorts. Workshop participamill develop
rich educational use scenarios describing effectimeversational
interactions using concept maps with learners i ¢bntext of
digital library—based instruction. These rich sca®m will be
complemented with matching learning environment kaps co-
designed with teachers.

The inventory of concept map operators and respoyises
from the expert study, together with the rich scersaand mockups
from this teacher workshop, will inform our desigand
implementation of the CLICK Service prototype. TIRLICK
Service will be implemented as a web service, @hitacture that
facilitates integration of the Service's capalshti into diverse
learning environments. Figure 3 provides the aechitral depiction
of the CLICK web service.

I
I
Digital Library Based
Adaptive Learning
Environments

1

‘ CLICK Web Service Interface ‘

I Digital Library Collections

{ --
Reference Natural Language
Concept Maps Processing Engine

Figure 3.  CLICK service architecture and components

We are building on results from our prior researtdunely the
technical infrastructure of the Strand Map Senfi8k to model
educational concepts and to dynamically generateraative
concept map representations. The Strand Map Sepegoerates
concept-browsing interfaces that support educatats learners to

locate digital library resources aligned with natifly recognized
learning goals. To ensure that the CLICK prototypeusable by
learners, we will conduct a usability evaluationthvindergraduate
students. Participants will be asked to engage himktaloud

protocols [45], as they complete representativkstdmmsed on the
workshop scenarios.

4.4  Educational impacts assessment

The customized conceptual support provided by thi€K Service
may influence student learning in two ways: (1) sypporting
deeper learning processes (the ways in which stadseek and
evaluate information), and (2) by supporting stuslervolving
scientific understanding (the ways in which thepresent and
integrate relevant content into prior domain knaigee).

Because we are interested in the rich comprehernsioresses
in which students engage during science learnirgy,will use a
mixed methods approach that combines quantitatidecalitative
data to develop an integrated understanding ob#fevioral and
cognitive components of learning. Online behavidracking will
be used to determine how learners approach a teptask. Verbal
protocols will be used to provide more in-depthadan student
cognition; verbal protocols are a key method follemting and
analyzing the rich cognitive data needed for stagycomplex
learning processes [46, 47]. Finally, conceptuangfe also will be
assessed by pre- and posttest concept maps probystadents.

We will complete a learning study that assesseslests’
cognitive and behavioral processes when using rettiee CLICK
Service or an existing digital library interfaceorin DLESE.
Because each student in the study will be receidngtomized
remediation based on their initial conceptual kremge, we
anticipate that a total of about 20 participant e needed to
achieve the appropriate statistical power for assesat. Students
initially will generate a concept map that illuseés their
understanding of the domain. Student actions arfalieations
will be recorded as students use the CLICK Sergicthe DLESE
interface to complete a series of short sciencee#=arning tasks
(e.g., Where do the deepest earthquakes tend tw?dé¢hy?) After
learning, students again will generate a concejpt IRasulting data
and analyses will address two important potentiatcames,
specifically whether the CLICK Service can be destmated to
promote concept-based learning processes and timldcscience
understanding. Two types of data will be used imjuwaction:
behavioral process data and verbal protocol data.

Behavioral Process DataEach participant’s interactions with
the computer interface will be recorded and analyz&his
behavioral data will address the online learningcpsses used by a
student. Behavioral data will be coded for typeaofivity (e.g.,
resource selection, keyword searching, concept ctigte
backtracking) and duration (e.g., time spent oesmurce — longer
engagement may lead to increased understanding)lyges will
include assessment of favored processes (e.g., fnegtient
activities), process variation (in a student’s\atiés), overall time
on task, and time allotted to learning behaviors.

Verbal Protocol DataTranscribed verbal data will be separated
into complex propositions [48, 49] and coded acitgydo the type
of comprehension process represented. Categories @mnalyzed
include paraphrasing, monitoring, elaborationserefices, errors,
revisions, and connections. These categories atlentification of
more shallow versus deeper comprehension proceéses,



paraphrasing versus inferencing). Understandingmings in which
students process, integrate, and monitor knowlelgimg learning
will allow critical evaluation of the effectiveness the CLICK
Service in supporting science understanding. Intiatg changes in
the content and organization of students’ conceppanwill be
analyzed to characterize and assess conceptuaingaffects.

5 PRELIMINARY FINDINGS

We have been working collaboratively with scieneamdin and
instructional design experts in the selection pfesentative digital
library resources on Changes in the Earth’s Surfatere
specifically earthquakes and plate tectonics. kfitamh, the experts
have individually created concept maps for thectete resources.
The experts have also participated in a one hook-#oud session
during the construction of a concept map. Concanita this
expert study, we have also engaged in the evaluaficMEAD, a
state-of-the-art open source multi-document suneraafb0], as the
NLP tool of choice to identify concepts across ctelé digital
library resources [51, 52].

Preliminary analysis of the verbal protocols cakecduring the
expert concept mapping think-aloud sessions indithat human
experts bring significant “external knowledge” teap on the
construction of concept maps. Science domain expsran the
digital library resources looking for specific cepts based on their
knowledge of the subject matter. This scanning tiehanay result
in the filtering out of significant portions of thext contained in the
digital library resource. Similarly, instructiondesign experts are
particularly mindful of concepts represented in litaional Science
Education Standards (NSES) [53], including both dwom
knowledge and information about the nature of smenFor
instance, while science domain experts check ataflidibrary
resource on earthquakes and plate tectonics to swakeit covers
all three types of faults (i.e., divergent, conerigand transform),
instructional experts also look for concepts iltaihg how science
is made (i.e., observations lead to models andi#so

Our initial evaluation of MEAD involves generatisgmmaries
of sets of digital library resources on earthquakesl plate
tectonics and comparing the resulting summary septeto the
concepts selected by a human annotator to reprétssame set of
resources. Preliminary analysis of the automaticajenerated
concepts and the human-generated concept mapsatadia
granularity mismatch between the selected concefdtsman-
generated concept maps show a tendency towardstidgpmore
complete concept networks including concept unigdow the
sentence level, while MEAD operates at the sentdecel. For
instance, the concepts related to secondary waslested by a
human annotator include the following concepts:

Secondary or S-waves
S-Waves move through solids, but not liquids oegas

If you and a friend have ever held a jump rope ketwyou, you
probably moved the rope up and down like a whip

S-Waves cause the rock particles to move at riggtea to the
direction of the wave

Meanwhile the concepts selected by MEAD using théawlt
feature scoring and sentence ranking algorithms an@0%
sentence compression factor includes only the vatlg concept
related to secondary waves:

A secondary, or S wave moves through the earthirgguibe
rock particles to move at right angles to the dicec of the
wave.

The default MEAD configuration attends solely taduistic
features of the input text (i.e., centroid, positi@nd length) and
uses percent of sentences to establish the reléemagth for the
summary. As a result, the generated concepts lagleducational
relevance or conceptual completeness awareness.instance,
while a human annotator may include concepts rleiegprimary,
secondary and surface waves, the default MEAD susnd@es not
include any mention of primary waves. In the cohte#ithe CLICK
Service implementation, such omissions would redalt the
generation of incomplete reference concept maps vety limited
educational usefulness.

Given our initial evaluation of the MEAD summarizand the
preliminary observations from our think aloud sessiwith human
experts, it is clear that traditional single-paetdm-up approaches
to multi-document summarization would provide réswf very
limited use for online learning environments. Togeate concepts
from multiple digital library sources for educat@npurposes
requires the introduction of a more sophisticatathrmarization
approach that allows for the encoding of both domaind
instructional design knowledge. Based on theseirfgs] we are
enhancing the MEAD summarizer by defining and cotimgua
sentence scoring feature based on the pedagodgireficance of
the terms present in each sentence. Currently,reveansidering a
domain ontology [54], the NSES [53], and encycldpeghtries as
the basis for this feature computation. We are etipg this
approach to inject the science domain and instroati design
knowledge necessary to identify the full complemeat
educationally relevant concepts.

Finally, all science domain and instructional dasigxperts
consistently made verbal references and demondtcatecept map
construction techniques illustrating the use oteosdary notation
based on layout and graphical cues consistent \gitbert
diagramming behaviors [55]. This observation is tipalarly
relevant because none of our expert participants dignificant
prior experience with concept mapping activitiesrtker coding of
the audio and visual protocols should serve toighie the role
domain expertise plays on the use and nature ofhsiacy graphical
notations in concept mapping for educational pugpos

These preliminary findings have also served to iconfthe
effectiveness of our research methods. The conibimabf
qualitative studies with human experts with quatie
computational methods enables us to capture humpertese
related to the tasks of concept map constructiod student
knowledge assessment and intervention design. Thiman
expertise knowledge becomes a key aspect of ouputational
solutions. This approach is of particular impor&it educational
settings where much of the human knowledge is tuit highly
contextualized, hence extremely valuable for thastiction of
effective educational web services and online learn
environments.

6 CONCLUDING REMARKS

The resulting CLICK prototype should serve as a ehdar future
learning tools that can radically improve sciendaaation through
individualized knowledge representation and custenhi
remediations using digital library resources. Iwislely recognized



that the design of learning environments and ititvnal strategies
can be greatly improved through a well-developed aancrete
understanding of common learner conceptions fociense topic.
Prior research, conducted through painstaking tigegons
spanning at least a decade, has developed a sanifknowledge
base of common student conceptions and difficulties
mathematics and physics [56, 57]. However, relftividtle is
known about student conceptions and difficultiesthie natural
sciences. This research has the potential to éstiadnh entirely new
and automatic method for identifying and representessential
science concepts that characterize deep knowlefige targeted
science topic. In addition, there are currently amgtomatic or
efficient mechanisms for identifying student cortcep needs. This
research will develop and test a fundamentally mesthod, using
state-of-the-art natural language processing tectesi to address
this important educational problem.

While the primary goal of this work is the creatiof the
CLICK Service, we are also pursuing the design dexklopment
of innovative online learning environments that lekp the
affordances of the Service. The CLICK Service eesbthe
emergence of innovative pedagogical approachesinwitigital
library-based learning environments. For instam@eare designing
educational scaffolds to support the constructidn soientific
explanations in SciNews Online, an online reportiting
environment for students to investigate the “satefehind the
news” [58], by making the generated CLICK domaird d@arner
models open and scrutable.
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