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The Alexandria Digital Library Project is developing a concept-based 
learning environment for the sciences. In this paper, we briefly discuss: the ra-
tionale for the approach; the structure of the concept model and correlative rela-
tionships between concepts; the components and associated services of the con-
cept-based learning environment; and planned and potential applications of the 
learning environment. 
          
1. Introduction 

In addition to services and collections that provide access to geospatially 
referenced information, the Alexandria Digital Library (ADL) Project is devel-
oping concept-based learning environments for the sciences. Such learning envi-
ronments form an important component of the Alexandria Digital Earth Proto-
type [ADEPT 2002] and are integrated into the system's basic middleware 
search services  [Janee and Frew, 2002]. The principal reasons for developing 
these digital library (DL) services and collections is to help students acquire a 
``deeper'' understanding of science. 
The approach of ADEPT to concept-based learning rests on premises that:  
(1)  scientific activity, understanding, and learning are based on a large core of 

scientific concepts and their interrelations which are used for representing 
scientific methods, abstract representational systems, and the phenomena un-
der investigation. 

(2) the syntactic and semantic information associated with any scientific concept 
may be represented in terms of a strongly-structured  model (SSM) of the 
concept. 

(3)  a deeper understanding of any domain of science is promoted when learning 
environments are based explicitly  on the use of SSMs to represent important 
sets of concepts and their interrelationships [Smith et. al. 2002a, 2002b.] 
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We have developed a concept-based learning environment that embodies 
such principles in the context of Web-based services. This environment has 
three main components and nine associated services (see figure 1.) The first 
component consists of one or more knowledge bases (KBs)  containing SSMs of 
the concepts needed for representing the scientific knowledge about a given do-
main. In the next section we outline our current SSM of concepts. Three services 
associated with such KBs include:  
(a) a service for the input and editing of SSMs of concepts; 
(b) a service for searching the KB; and 
(c) a service for graphic representations of the concepts and their interrelation-

ships. 
 
 

 

Figure 1: Components and associated services of a concept-based learning environment 

The second component comprises one or more (heterogeneous) collec-
tions of items for use in illustrating elements of the SSMs of a given set of con-
cepts. Three services associated with this collection include: 
(a) a service for the input and editing of metadata records associated with such 

items;  
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(b) a service for searching the collections, particularly in terms of the scientific 
concepts to which they refer; and  

(c) a service for graphical representations of the items. 

The third component is a collection of lectures, self-learning modules, or 
laboratory sessions that provides access to the information in the KB and collec-
tion in a manner that supports efficient learning. Services associated with this 
collection include: 
(a) graphic services for inputting and editing lectures, self-paced learning mod-

ules, or laboratory sessions; 
(b) a service for searching the lecture collections; and 
(c) a service for graphic displays of the contents of the collection. 
 

In figure 2, we indicate how such components and services may be em-
ployed in supporting lecture-based learning environments. Other applications 
include self-paced learning and laboratory environments. In lecture-based learn-
ing, for example, an instructor may employ three distinct graphics displays for 
presenting concept-based learning materials to students: 
1. a Knowledge Window for representing information about the SSMs of con-

cepts  in the KBs; 
2. a Collection Window for displaying DL objects from ADEPT collections that 

illustrate various aspects of concepts; 
3. a Lecture Window for displaying the lecture notes that organize the presenta-

tion of information about a topic and its associated concepts. 

 

Figure 2: A three-window display of concept-based learning materials 
 



 56

We have applied these ideas in teaching introductory courses in Physical 
Geography and have constructed KBs, Object Collections, and Lecture Collec-
tions and implemented the three corresponding sets of services. We currently 
support the creation of lecture materials by an instructor with the various input, 
edit, search, and display services integrated into the Lecture Window. This per-
mits the instructor to search the KBs, Object Collections, and Lecture Collec-
tions and to organize the results of such search for presentation in the Knowl-
edge and Collection Windows during the course of the lecture. 

The rest of the paper is structured as follows. We first describe the SSM 
of concepts that forms a foundation for our learning environments. We then de-
scribe the three services input, search and display for each of the three compo-
nents concept, collection and lecture of the concept-based learning environment. 
Finally we discuss planned and potential applications of this learning environ-
ment. 

2. Strongly-Structured Models of Concepts 
We briefly discuss the strongly-structured concept model (SSM) and the 

services for creating, editing, searching, and displaying the KBs. A basic prem-
ise, noted above, is that concepts and their interrelationships are the fundamental 
building blocks for representing the phenomena of science. The value of any 
scientific concept rests heavily on the degree to which it may be represented in a 
manner that: 1. is objectively-communicable; 2. supports the the derivation of 
scientifically-useful information; and 3. possesses a well-defined (operational) 
semantics. Such attributes permit scientists to communicate unambiguously 
about how to represent, use, and interpret scientific concepts and to derive useful 
information from representations of phenomena that are based on the concepts.  

Such requirements suggest the feasibility of constructing ``strongly 
structured models'' (SSMs) of scientific concepts that incorporate  the scientific 
semantics of a concept. For example, one may view the semantics of a concept  
relating to the measurable properties of some phenomenon (e.g. the Velocity or 
Depth of a Water Flow) in terms of objectively communicable and reproducible 
procedures for the measurement of such attributes. We note that this idea goes 
well beyond the typically thesauri-like definitions of concepts that have tradi-
tionally been used in library environments. Analogous ideas have been recog-
nized and employed, albeit implicitly, for some time by various scientific groups 
including, for example: 

1. The MatML Working Group of the National Institute of Standards 
and Technology (NIST), which constructed a model for representing concepts 
relating to substances of Materials Science and their properties [NIST 2001]. In 
particular, this group has created an abstract DTD for representing such concepts 
as XML records. 

2. The Chemical Abstracts Service [CAS 2001] Registry [Weisgerber, 
1997], associated with the American Chemical Society, has developed an SSM 
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of chemical substances that includes systematic chemical names, their various 
representations (molecular structure diagrams, molecular formula, index of ring 
systems), and information about the properties and interrelations of substances. 
 

 

Figure 3: Abstract model (SSM) of a concept and correlative relationships 
                 

Based on such examples of SSMs and previous work, ADEPT has de-
veloped an SSM of concepts for scientific domains in terms of a frame-based 
knowledge representation system with slots and attribute-value fillers. Since the 
SSM has been described in a previous document [Smith et. al. 2002a, 2002b] we 
provide only a summary outline at this point. Our current SSM of a scientific 
concept takes the form shown in figure 3.  
We comment briefly on the various elements of this model. 

1. DESCRIPTION and HISTORICAL ORIGINS are natural language 
representations of the concept. While they indicate the scientific semantics asso-
ciated with the concept, this semantics is typically imprecise and ambiguous. 

2. CLASSIFICATIONS include, for example an ADEPT classification 
of concepts into abstract, methodological, and phenomenological (or concrete) 
concepts [Smith et.al., 2002b] as well as various subclasses, while KNOWL-
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EDGE DOMAINS list (some of) the academic FIELDS and TOPICS in which 
the concept is used. 

3. TERMS are simple (linguistic) expressions denoting the concept, 
while the HIERARCHICAL RELATIONSHIPS  are specific, thesaurus-like re-
lations between terms. While such terms provide bases for inference (for exam-
ple: a ISA b AND b ISA c IMPLIES a ISA c) these terms and relationships are 
essentially without any scientific semantics. 

4. REPRESENTATIONS, DEFINING OPERATIONS, PROPERTIES 
and CAUSAL RELATIONS, together with the HIERARCHICAL RELATION-
SHIPS, relate to relationships among concepts. The REPRESENTATIONS, 
DEFINING OPERATIONS, PROPERTIES and CAUSAL RELATIONS, how-
ever, constitute the heart of the concept model by providing the scientific se-
mantics of a concept.  The Defining Operations provide scientifically objective 
descriptions of activities that define the concept. For example: abstract concepts 
are defined in terms of syntactic manipulations that are permitted on various rep-
resentations of such a concept (e.g. as in the manipulation of Algebraic Equa-
tions); methodological concepts may be described in terms of recipes for activi-
ties carried out by machines and scientists, such as measurement activities; phe-
nomenological concepts may be defined using phenomenological interpretations 
of the TERM representation of a concept. PROPERTIES (such as the Area 
property of the concept of a Polygon) are represented not only using the TERMS 
denoting the property, but also the activity for computing the property from a 
given representation. 
 
3. Concept input, search, and display services 

A knowledge base (KB) of concepts for a given domain is defined in 
terms of a collection of SSMs for a set of concepts. We have developed a form-
based input tool to support the construction of KBs of concepts. The input tool is 
structured to reflect the abstract model of a concept presented above. Parts of the 
input process may be automated, as in the case of using authoritative glossaries 
in electronic form to provide input of natural language DESCRIPTIONS of the 
concepts. Other elements of the SSM for a concept, however, must currently be 
entered by knowledge domain specialists. 

The current operational version of the learning environment employs 
RDBMS technology (and MySQL in particular) for storing and accessing the 
collections of SSMs of concepts. The concept input form is based on this instan-
tiation. We have also developed support for XML databases of concept SSMs 
using an XML schema to represent the abstract concept model. We plan to con-
vert from relational to semi-structured (XML) versions in the near future. 

We have developed visualization tools for concepts and their interrela-
tionships. A current visualization tool, SPROING [Ancona, 2002], supports the 
visualization of concept maps of subsets of concepts and their interrelationships 
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that may be derived from the KB. This tool employs an MsWindow general pur-
pose C++ application that perform OpenGL-based visualization with a simple 
binary force springs algorithm. The data for visualization are currently provided 
by a stand-alone extraction routine that runs over the KB and extracts peer-to-
peer pairs of relationships. These are represented as a pair of nodes connected 
with a an edge. The colors and styles for the presentation are stored in a parame-
ter file in XML format. A simple search function is implemented on the presen-
tation space. Nodes and edges, found by a given search, may then be stored as a 
visualization subset, which is essentially a substructure of the presentational 
graph. Extensions of SPROING support the hand-editing of the graphic outputs 
for the purpose of in class presentation as well as the visualization of such as-
pects of concepts as DESCRIPTIONS and Mathematical Representations. 
 
4. Collection input, search, and display services 

We may associate with any domain-specific KB one or more collections 
of DL Objects that illustrate various aspects of the concepts modeled in the KB. 
In the case of a collection of Objects that illustrate the concepts in Hydrology, 
for example, we may incorporate figures, photographs, or natural language in-
structions describing measurement techniques for determining the rate at which 
groundwater flows through some Aquifer. Such collections generally consist of 
heterogeneous and multimedia Objects, ranging from text to video with sound-
track. 

A requirement of such collections is that they be searchable, not only in 
terms of the usual criteria of spatio-temporal footprint, subject matter, etc., but 
also in terms of the concepts and concept models represented in a given KB. 
Hence, for example, an instructor or student may search for all image items that 
explicitly contain information relating to the concepts of Floodwater Waves 
from Rivers with a footprint in the Central Valley of California. 
Access to such collections within the ADEPT environment and their items is 
supported by: 
1. metadata descriptions of each Object that contain explicit references to the 

domain-based concepts to which they refer; 
2. standard ADEPT middleware search services [Janee and Frew, 2002]; 
3. ADEPT collection-level metadata for each collection. 

We may access the Objects themselves using pointers obtained from the meta-
data records. Each metadata record takes the form prescribed by the 
ADEPT/DLESE/NASA (ADN) metadata content standard [ADEPT/DELESE 
2001] with an extension defined in terms of an additional element containing 
TERM representations of a concept. Current collections are implemented as re-
lational databases. This permits the easy construction of ADEPT search buckets 
using ADEPT's generic Bucket-99 driver. 
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A web-based metadata entry form has been constructed to support the 
entry of item metadata records by non-technical users. This entry tool is cur-
rently implemented as a series of PHP-driven input forms, developed to accom-
modate metadata entry into the respective data fields. 

The display component of the collection window is functionally con-
trolled from the lecture window. It allows not only the visualization of items se-
lected and linked by the instructor, but also real-time (i.e., lecture-time) search 
for ADEPT collection items through the use of an ADEPT Browse window. 

As an example of one of our collections, we have cataloged and stored 
each of the more than 400 illustrations, available in electronic form, that come 
with the textbook that is being used to support a physical geography course that 
will be taught using the learning services. 

5. Lecture input, search, and display Services 
In terms of concept-based learning in science, we may characterize a 

course of instructional material as a trajectory through a space of concepts. This 
characterization is general, as almost any scientific lecture or scientific text-
book will prove. Instructors as well as texts largely differ from each other in 
terms of the order in which concepts are introduced and the different emphases 
with which they are modeled and related. A major strength of a concept-based 
approach, therefore, is its support for the construction of flexible, personalized 
trajectories through concept spaces from the KBs and Object Collections. An-
other strength is that instructors may re-use/repurpose trajectories that have been 
constructed previously by other instructors. 

We have developed a set of Lecture Window services that may be used 
to support the creation, and recreation, of structured lecture notes that integrate 
links to the KBs and Object collections. In particular, an instructor may employ 
the Lecture Window for: 
1. creating (structured) lecture notes; 
2. searching over the KBs and Object collections; 
3. embedding links from the lecture notes to displays generated by the KB and 

collection search services; 
4. driving displays on the Knowledge, Lecture, and Collection Windows during 

a presentation. 
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Figure 4: The lecture input and editing tool  

We have developed a lecture input and editing tool that allows an in-
structor to create a series of lecture notes. At the most basic level, these tools al-
low an instructor to create lecture materials in terms of rich textual outline (fig-
ure 4). They support the usual creation and editing operations, including linking 
concept terms to illustrative materials from the KBs and Object Collections. The 
links attached to an item may be represented in terms of thumbnails or icons 
immediately following the highlighted item. We have additionally developed 
services that allow an instructor to create more personalized trajectories con-
cepts through concept space with the use of various organizing subheads. Our 
current lecture creation service, for example, supports the quasi-automated 
structuring of lecture materials in terms not only of scientific concepts but also 
in terms of basic sets of scientific activities, such as: 
1.  identifying, observing, and characterizing phenomena; 
2. representing phenomena; and  
3. understanding phenomena. 

The current lecture input tool allows the instructor to choose, with the 
help of a control panel, lecture note headings from a relatively small subset of 
terms that characterize each of these sets of activities. Under the category of rep-
resenting phenomena, for example, we currently support: 
1. the creation of subheads for TOPICS(S), CONCEPTS, and MODELS; 
2. the use of TOPICS (and SUBTOPICS and SUBSUBTOPICS) subheads for 

the automated creation of high-level views of lecture materials; 



 62

3. the introduction of CONCEPT subheads for explicit description of SSMs of 
scientific concepts. 

The high-level views of lecture materials are presented in a small win-
dow to provide context for both instructors and students in ways analogous to a 
collapsible folder tree. The results of lecture creation are saved in a Lecture Col-
lection. The internal format of lectures follows the enriched Outline Processor 
Markup Language (OPML) format, which is essentially a subset of XML. Hence 
lectures are stored in the collection as XML records, supporting interoperability 
and persistence. The collection itself is implemented as an indexed file structure. 

Future developments include putting the lecture collections into the for-
mat of Xindice XML databases to support input and editing inside a common 
browser (IE 5.5+ or NS6+ on a variety of platforms such as Win, Mac, Unix, 
etc.) Onscreen editing is accomplished on the client side with JavaScript DOM 
features, matched by Java servlet/JSP components on the server side. 
 
6. Applications of the Learning Environment 

The current ADEPT learning environment is being deployed in teaching 
an introductory course in physical geography to about 100 students in the Fall of 
2002 and again in the Spring of 2003. Such applications of KBs of SSMs of 
concepts in learning environments build on recent studies in educational psy-
chology (see Mayer, Smith, and Borgman, 2002.) These studies indicate that 
concept maps, defined in this context as ``all terms used in a lesson with labeled 
links among them'', play significant roles in promoting student learning and as-
sessing student knowledge. 

Educational research relating to rhetorical structures, or the ways in 
which materials can be organized into coherent structures for learning, suggests 
how the KBs and collections may be used in furthering student understanding of 
some domain of knowledge. In process rhetorical structures, for example, cause-
and-effect systems can be represented by flow charts and maps. This corre-
sponds to a view of the KB that extracts Causal and Hierarchical Partitive rela-
tions between a given set of concepts. Other rhetorical structures associated with 
different views of the KB include problem solution (problem based views), clas-
sification (hierarchical views), and compare (matrix-based views in which the 
attributes of different concepts are compared.) Recent research [Mayer et al, 
2002] indicates that greater depths of learning occur when rhetorical structures 
are used to organize learning materials. We note that our services supporting ac-
cess to, and use of, the resources in the KBs and associated collections enable 
the construction of views corresponding both to different rhetorical structures 
and the personal preferences of instructors. 

7. Conclusion 
A key issue in the development of ADEPT learning services based on 

SSMs of scientific concepts is an evaluation of the degree to which they deepen 



 63

a student's understanding of both the conceptual basis of science and scientific 
knowledge in specific domains. We are currently instrumenting the teaching of 
courses in order to develop such evaluations. It will take time to assess the 
pedagogic value of using KBs of strongly-structured representation of scientific 
concepts, together with the associated collections  and services, in learning envi-
ronments. Nevertheless, recent developments in both text publishing and in edu-
cational psychology indicate their potential value. 
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