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A System Design Framework-Driven Implementation
of a Learning Collaboratory

Michael C. Dorneich

Abstract—This paper describes a design process to support participants who are bound by a common interest. If the users
the development of a learning collaboratory, a distributed, of the environment find software applications and people that
computer-based, virtual space for learning and work. A learning are beneficial, then the community will grow. The ability to
collaboratory: as a distributed distance learning environment, ’ . . )
offers tremendous opportunities to expand the way people teach nurtu_rg and susft-am a community of learners, teachers, gnd
and learn and to broaden educational opportunities to an ever Practitioners facilitates the long-term usefulness and ongoing
increasing range of learners. The challenge is to design distanceevolution of the learning environment.
learning technologies that engender meaningful learning experi-  The developer of a learning collaboratory has many chal-
ences that take full advantage of the power of computer-mediated |ongag in the process of creating a virtual learning environment
communication to support innovative learner-centered and collab- . .
orative interactions between students, teachers, subject experts, and nurturing a_ i communlty._The challenge to the deyeloper
and resources. The first half of this paper describes the Learning Of such a learning collaboratory is to understand the subject do-
Collaboratory Design Framework (LUCIDIFY), a design process main, the user community, how to best support learning in this
that integrates methods and concepts from cognitive systems environment, how to best support user interactions, and how to
engineering, theories of learning and instruction, distributed com- provide enough value for all users.

puting, and computer-supported collaborative learning (CSCL) to The d | fal - llaborat ds t id
guide the principled design of learning collaboratories. The second € developer of a learning collaboratory needs 1o consiaer
half of the paper describes how LUCIDIFY was used in the design types of knowledge that need to be captured and modeled:
and implementation of the Collaborative Learning Environment the work domain (i.e., “the [goals, resources, and constraints]
for Operational Systems (CLEOS), a learning collaboratory for  within which the work takes place” [[43, p. 28])] of the partic-
teachers, students, and practitioners in the physical sciences, |5y discipline (i.e., “what to teach” in NMR spectroscopy, for

in particular for NMR spectroscopy and X-ray diffraction ex- le). th Kd in of instructi - “how t t
periments. CLEOS features two virtual instrument tutorials, X@mMpP e), the work domain of instruction (i.e., “how to suppor

an asynchronous messaging system, a project-based design an@ffective learning” where high level goals involve teaching
management application, and a collaborative multi-user domain and instruction), and the more traditional work domain of the

infrastructure. collaborative systems developer (i.e., “what to design”).
Index Terms—Abstraction hierarchy, collaborative learning en- The primary mission of a learning collaboratory is to teach
vironment, collaboratory, distributed computing. learners to master subject material and techniques and to de-

velop learning and teamwork skills. Different levels of com-
petence may require different pedagogical support. The devel-
opment of the novice participant into an expert is a process
HE emergence of computer technology has had profoutiht goes through many stages and so the learning collaboratory
implications for instruction. Early efforts consisted oimust scaffold the development process by providing flexible in-
practical instructional software applications designed arousttuctional support at every level of the process of learning.
classroom needs and focused on the transmission or delivery |earning collaboratory, as a distributed distance learning
of knowledge to the student. Subsequent work in intelligeghvironment, offers tremendous opportunities to expand the
tutoring attempted to emulate the behavior of skilled humatay people teach and learn, and to broaden educational oppor-
tutors in software. More recent work has focused on collabamities to an ever increasing range of learners. Additionally, a
rative learning processes, and the idea oblaboratory(i.e., learning collaboratory can serve as an environment to explore
collaborative laboratory) as a virtual space for learning amgbportunities for novel instructional techniques, collaboration
work. This paper describes a conceptual framework to guidénong both students and teachers, and the delivery potential
the design of a learning collaboratory. of student tutorial applications and educational content. Thus
The design of a collaborative learning environment shouttle developer of a learning collaboratory can explore a wide
promote mutually beneficial interactions between studentange of pedagogical strategies of learning, with collaborative
teachers, and practitioners. It should foster a community pédagogical strategies being especially germane.
Collaboration, especially in support of learning, is a defining
. . . , aspect of a learning collaboratory. Technology to facilitate com-
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This paper describes the Learning Collaboratory Desigollaborative interactions between students, teachers, subject
Framework (LUCIDIFY), which explicitly addresses the fouexperts, and resources. Thus, a learning collaboratory can be
needs outlined above: modeling domain knowledge, characuseful augment to traditional teaching methods. As financial
terizing the user community, explicit support for collaborativeesources become increasingly scarce, providing affordable
learning pedagogies, and collaboration support for a heteroged direct access to educational resources becomes important
neous user community. The next section will delve more deepty maintaining a high level of education. Furthermore, if
into the motivations and background of the design of a learniaglearning community is defined not only as students and
collaboratory. Section Il will describe LUCIDIFY and theteachers, but as practitioners and researchers as well, then
human-centered design processes that will facilitate designsofpporting interaction among these parties is likewise critical.
a learning collaboratory. LUCIDIFY is a general frameworkn settings where collaboration is an important and natural
for the design of any learning collaboratory. The remainder afechanism for learning and instruction, learners can acquire
the paper will describe how LUCIDIFY was used in the desigwaluable team skills, something that is often cited as a particular
and implementation of an actual learning collaboratory: tteeficiency with graduating college students [63].

Collaborative Learning Environment for Operational Systems The learning collaboratory design framework to be intro-
(CLEOS). More specifically, Section IV will describe andduced in this paper starts with a vision of the future with a more
define the scope of CLEOS, identify the design goals, amearner-centered approach to instruction. Rather than students
detail the process by which LUCIDIFY was used to desigiearning in isolation, group-based learning is emphasized. Stu-
CLEOS. Section V will describe the architecture of CLEOSJents who previously were disenfranchised now have multiple
and briefly introduce the software applications that populate tagenues to learn, with flexible instruction methods that can be
learning collaboratory. Finally, Section VI will describe somenore closely tailored to individual learning styles. Rather than
implementation details of CLEOS and how CLEOS addressggending the majority of their time reading books and working
issues of distributed computing and issues of collaboration. through paper examples, students are exposed to and engage in
a broader range of learning activities. The learning activities
take the form of realistic practice of the phenomenon (if not in

a real setting, then in a realistic simulation of the setting). For

A collaboratory is a virtual environment that uses techexample, virtual instruments (e.g., computer-based tutoring
nology to mediate communication of nonco-located colleagusgstems) provide a meaningful context in which to learn
who share common interests, tasks, or research aweasoperational procedures. Computers are used to actively engage
collaborative virtual environmenis defined by Jones as “anstudents, rather than being just another passive information
interactive, computer-generated environment that incorporatesource. Technologies enable a wider community to develop,
some level of semantics of work practice and supports multipbeoviding learners with more opportunities to collaborate
human users both synchronously and asynchronously.” [#hd interact with peers, students, and experts. Providing
p. 1]. Synchronous communication refers to simultaneousgechanisms to support communication between students en-
“real-time” interaction (e.g., talking on the phone), whilggenders an environment where students have opportunities for
asynchronous communication does not happen at the sgmer-to-peer learning as well as apprenticeship learning with a
time (e.g., communicating via e-mail over the course of a dayjnore capable peer” [59]. This increases a student’s access to
Technology and software applications allow participants tifferent types of instructional resources. Finally, teachers can
collaborate and share access to information, instrumentatiose this same technology to collaborate with other teachers,
and colleagues [22], [33], [39], [55]. kearning collaboratory learning from each other and even collaboratively developing
is a collaborative virtual environment where students, teacheesyricula.
and experts in field or domain work together in a variety of A wide range of issues must be addressed in building a
ways to support student learning. In an educational settingarning collaboratory, including cognitive systems engineering
there are multiple reasons to support distributed instructidesues in analyzing a work domain (i.e., “the [goals, resources,
Distributed, collaborative educational software applications cand constraints] within which the work takes place” [43, p. 28]),
provide a wide range of students with increased instructioraédagogical issues in supporting effective distance learning
facilities and learning opportunities that are significantlyhrough realistic experiences, distributed computing issues in
different than the traditional teacher-centered lecture formatanaging data and processes in a heterogeneous computing
A learning collaboratory, with an emphasis on collaboranvironment, and methodological issues in designing and
tion among learners engaged in realistic experiences rategaluating a learning collaboratory. This paper addresses these
than passive listening, shifts the emphasis of learning frossues in a proposed conceptual framework, LUCIDIFY. This
teacher-centered (activity centered on the teacher, whemnceptual framework is used to design a software system
students passively listen) to learner-centered (students activiblgt is a learning collaboratory for the physical sciences,
engaged in learning activities, where teacher is facilitator tie collaborative learning for operational systems (CLEOS).
student activity). The challenge is to design distance learni@EOS is a distributed collaborative software application
technologies that engender effective learning experiences tftat teaching the procedures and theory of physical science
do not just mimic existing teacher-centered learning practicexperiments. As such, it provides a virtual environment where
but take full advantage of the power of computer-mediatetnco-located learners can gather to learn about spectroscopy
communication to support innovative learner-centered aadd X-Ray diffraction via two collaborative computer-based

Il. BACKGROUND
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tutorial systems (the collaborative virtual spectrometer (CVS) Learnlg Déllltraim iy Tesigh Framesi i
and the virtual X-ray diffractometer (VXRD). Project-based g 3 JL|l A, 4
and collaborative learning is supported via the collaborative I I PR
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tutorials and a learning project management application (the -
tool for organizing and supervising projects (TOSP), where . '"'“.“.'.'
groups track progress of their projects and teachers collaborate o il

to create projects. Students working individually with a tutoring P! [
system may interact with experts via an asynchronous mes- Prdagegirnd fmairgam
saging system (the Question Board [QB]). Students working [f"i',’,';"."d" eyl
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real-time discussion capabilities, and the QB to communicate. - X
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The use of Collaboratories to facilitate learning via heteroge- fremain Kaowied g
neous, distributed knowledge networks was first proposed at a et e *ﬁ"l"lf:m--ﬂ
National Science Foundation workshop in 1989, then later pro- -
moted in a policy statement by the National Research Council in
1993 [33]. The term “Collaboratory” (i.e., Collaborative Labof'9-1- Leaming Collaboratory Design Framework.
ratory) is used to describe a new kind of virtual environment, and
is defined as “a tightly coupled knowledge network supported The next level of Fig. 1, Characterization of Expertise, refers
by advanced internet-based, computing and collaboration tetieharacterizing the capabilities of the learner by understanding
nologies. These technologies typically include digital librarieshe expertise levels of the learners in order to support their stage
synchronous and asynchronous collaboration tools, and on-linethe learning. Multi-stage expertise models can be used to
instrumentation including remote sensing, modeling and simmodel the capabilities of users. Bloom’s taxonomy is an ex-
lation, and data analysis tools” [33]. ample of a model of learner behaviors. By modeling both learner
Other definitions abound [55], [39], [22]; they have incapabilities and behaviors, developers of a learning collabo-
common the idea that technology can be used to mediasgory can explicitly design applications that support users at
communication of nonco-located colleagues in an enviromultiple levels of expertise with support for multiple types of
ment dedicated to a specific group, topic, or research arésarning behavior.
Technology and software applications allow participants to The third layer of Fig. 1, Pedagogical Strategies, refers to
collaborate and share access to information, instrumentatiohich pedagogical strategies will be supported in the learning
and colleagues. Early examples of successful collaboratmilaboratory design. Since a learning collaboratory is by its na-
ries include the Upper Atmospheric Research Collaborataiyre a distributed collaborative system, consideration of collabo-
(UARC) [55], the Learning Through Collaborative Visual+ative learning pedagogies play animportant role in determining
ization (CoVis) Project [11], the Environmental Moleculahow to teach a wide range of students in a virtual environment.
Sciences Collaboratory [47], the International Personality IteApprenticeship Learning and Cooperative Learning are but two
Pool [25], TANGO [56], Keck Observatory Collaboratoryexamples of the host of collaborative learning strategies that that
[36], and the Collaboratory for Microscopic Digital Anatomythe collaboratory developer may what to consider.
(CDMA) [25]. Finally, the topmost layer of Fig. 1, Collaboration Support,
LUCIDIFY is a framework for design that combines methodeefers to the developer’s task of supporting collaboration in a
to structure domain knowledge, represent navigational stratistributed learning environment. Since collaboration is so im-
gies, characterize expertise, and support collaborative learnpartant in how students are taught, multiple forms of collabora-
and work. The framework, represented in Fig. 1, is a collectigion are included in the design of the collaboratory: synchronous
of methods and procedures that can be used to guide a prircilaboration for real-time (simultaneous) interaction and asyn-
pled design. chronous collaboration for collaboration that takes place at dif-
LUCIDIFY represents a generic set of guidelines to be uséerent times.
when designing a learning collaboratory. The bottommost level,Note that the learning collaboratory is explicitly designed for
Domain Knowledge, of Fig. 1, refers to a structured representaheterogeneous user population, including students, teachers,
tion of “what to teach”. This representation provides a basis fand experts (hence the different stick figures atop Fig. 1). The
making knowledge inspectable and sharable. Learning canléarning collaboratory design should account for all classes
accomplished in a virtual environment by situating the problenf users (not just students) and support teacher activities,
solving or learning experience in a realistic simulation of thencourage experts to interact with the community, as well as
domain, and thus an articulated domain model is a key cosupport the targeted student population.
ponent for the proposed design framework. The work domainLUCIDIFY maps out the high-level issues that must be ad-
can be represented via an abstraction hierarchy [42], [43], [5d}essed when designing any learning collaboratory. To sum-
Problem-solving strategies can be represented as navigationatize, the approach taken in this work rests on four concep-
strategies through the user’s conception of the work domaintual areas: 1) mapping the domain of practice in a structured
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way, with explicit consideration of strategies of domain undescribe “isolated engineered instantiations and their “local” pro-
standing; 2) characterization of capabilities of the learner; @uction goals under which these systems are operating within
pedagogical support for situated practice in an realistic domatheir respective work domains.” ([45, p. 1]). The AH is more
and 4) collaboration as a mechanism for effective learning attthn a systems analysis tool for literal physical systems; it is
work. Situated collaborative learning in an environment of read tool to model the work domain in which the system was de-
istic practice is the goal of a design based on this frameworksigned to operate. Rasmussen defines a work domain as “the
landscape within which the work takes place.” ([43, p. 28])

A. Domain Knowledge There are several types of knowledge that need to be captured

) o and modeled: the work domain of the particular discipline (i.e.,
Many factors must be considered when designing a collaly -+ 1o teach” in NMR spectroscopy, for example), the work

orat.ive learning environmer_u. High Ieve_l goals of_the learningomain of instruction (i.e., “how to support effective learning”
environment, general functions the environment is to SUPPQRfpere high level goals involve teaching and instruction), and
a characterization of the user community, and a pedagogypf more traditional work domain of the systems developer (i.e.,

learning. Domain knowledge is a critical component of educgg o+ o design”). The abstraction hierarchy can be seen as a

tional technologies; an explicit representation of “what to teac Bnceptual representation of a domain of knowledge.

provides a basis for making knowledge inspectable and sharabl?n addition to learning the structure of the domain, it is im-

in a collaborative learning environment. Thus modeling of the »
rtant for learners to learn how to solve problems as they “nav-

) S 0
domain at many levels of abstraction is a key component for tﬁ%te" their knowledge of the domain. Traditionally, descrip-
proposed design framework. One well-developed framework L .

: : : . Tions ofnavigational knowledgstages are used to explain how
modeling domain knowledge at multiple levels of abstraction IS ople learn to naviaate in a aeoaranhical domain. In this work
the abstraction hierarchy42], [43], [57]. beop 9 geograp ' '

: ) . the idea of “navigational knowledge” is used as a metaphor
The abstraction hierarchy (AH) is used to represent %I,?Sr expertise, i.e., the ability of a student to learn to navigate

means-gnd (_causal) structure of.the domain Of. practice. ?ough a conceptual domain of knowledge. Thus the metaphor
abstraction hierarchy provides a rich representation of the wo ployed is stages in which someone may learn to navigate

:jomam ?rt] mgltlple. I,evels ?f absltract|on3 anq 'i. |dea;lly Stl.mq eir conceptual representation (map) of the domain. Each stage
0 map the domain's goais, vaiues and priorities, unctionz, , e considered a phase of learning [3] and a characterization
activities, and resources in a meaningful way. An AH typicall

has five “levels” (or rows of elements), where each lev f current knowledge. Thorndyke [51] identifies three types of

) e a%/igation knowledge [61].
represents an entire description of the system at one level 0
abstraction [45]. 1) Landmark Knowledgeorientation exclusively via highly
salient visual landmarks. This provides a skeletal frame of
reference around which the following phases of learning
are built upon. The analogy here is that a novice or ap-
prentice learner knows only a few facts and enough con-
nections between them to effectively solve problems.
2) Route Knowledgeunderstanding is characterized by the
ability to navigate from one location to another. Route
knowledge, a highly egocentric frame of reference, is
based on recognition of visual features, and categorical
statements of action. The analogy here is that moderately
skilled learners are able to follow certain routes or
strategies when solving problems, but quickly “lose their
way” when the problem changes in unexpected ways.
Survey Knowledgeknowledge resides in an internalized
“cognitive map” [52], as an analog to a true physical map.
Survey knowledge is a world-based frame of reference.
The analogy here is that the learner has progressed to the
point where a conceptual map of the environment begins
to form, and further skill acquisition expands and deepens
the conceptual representation of the domain.

1) Functional purposesre the goals, across the work do-
main, of interest to anyone with a stake in the organiza-
tion.

2) Value and priority measuresdicate how well the func-
tional purposes are served by the purpose-related func-
tions.

3) Purpose-related functiorare the “general” functions of
the work domain that are carried out in order to achieve
the functional purposes.

4) Object-related functionglescribe the activities and pro-
cesses that use the physical objects to achieve the pur-
pose-related functions.

5) Physical objectare the resources or physical objects of
the domain. )

One critical feature of an abstraction hierarchy is that ele-

ments at different levels are linked by causal (means—end) re-
lationships. Properties at one level satisfy the functions at the
level above and provide the reasons for the functions at the
level immediately below. The links between the elements of
different levels represent the relationship of the connected el-
ements. When considering an element at one level, connectionkearning is a process that follows a path from present knowl-
upward answer the question “why” and connections downwagdge to the incorporation of new concepts within the existing
answer the question “how.” The AH itself provides a usefudtructure of their knowledge representation. If the goal of in-
metric of completeness of description in that each componestuction is to expand the conceptual representation (e.g., in
must have connections in both directions. scope, interconnections of concepts, and richness) of the learner,

Typically, the AH has been used to describe simulations tfen the instruction pedagogy must consider the capabilities and

specific engineering systems (i.e., [5], [44], [58]). Rather thastrategies of the learner. In addition, the teaching of new strate-
describing work domains, the typical use of AH has been to dgies to the learner may be as important as the teaching of the
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concepts themselves. This interaction of knowledge of the struity monitored by the teacher. The teacher’s role is to act as
ture of the domain knowledge with the learner’s strategies afmonitor of group interactions and to provide students with
action form the basis of a characterization of the user’s capalsliggestions on social skills. The students themselves are also

ities within the domain of practice. responsible for monitoring and evaluating their own progress
o ) in both the academic and social processes within the group [29]
B. Characterization of Expertise (as cited in [30], also see [49]).

Modeling of the domain at many levels of abstraction and the A related alternative view of instruction is organized around
identification of problem solving strategies are key componerfidoom’s Taxonomy of cognitive learning [6]. Learning is
for the proposed design framework, considering the hypotr@gemonstrated by knowledge recall and the intellectual skills
sized ways in which expertise develops, i.e., from low level def comprehending information, organizing ideas, analyzing
tails to greater levels of abstractions. A property of expertiseagd synthesizing data, applying knowledge, choosing among
the use of abstract representations of the domain, rather thanalternatives in problem-solving, and evaluating ideas or actions.
tailed or low-level representations [62]. _

When studying how a learner migrates from novice to ef2- Collaboration Support
pert, an effective representation of expertise is necessary. Manyollaboration, especially in support of learning, is a defining
researchers have created models of expertise [38], [19], [2pect of the design framework. Technology to facilitate
that describe the characteristics of experts [48], [62], [41] amtdmmunication is a vital part of enabling a community of
novices [38] as well as their problem-solving strategies [48karners to grow within the virtual environment. Apprenticeship
[4]. Early models of expertise focused on identifying differencdsarning emphasizes the interaction between expert and learner
between novices and experts, without considering the stagasshe fundamental building block of the learning process. Thus
in between [21]. The maturation of from novice to expert ineollaboration, cooperation, and communication between expert
volves shifts in domain knowledge, problem-solving strategiesnd apprentice is important. Collaborative learning, for instance
and levels of abstraction. teams of students working together on a project, is another

Thus the evolution of expertise can be framed in terms ekplicit design goal. Cooperative learning emphasizes the ben-
a description of the person’s conceptual representation of #ifits of face-to-face interaction between students. In a virtual
domain and their strategies for action. Different levels of conenvironment, face-to-face interaction is usually not possible,
petence may require different pedagogical support. The devahd is replaced by computer-mediated communication. Thus it
opment of the novice participant into an expert is a processimportant to identify what aspects of face-to-face interaction
that goes through many stages. A guiding principle of the LWdupport group learning and design a system to support those
CIDIFY approach is to scaffold the development process by praspects.
viding flexible instructional support at every level of expertise. Collaboration can take many forms, and require various

) _ technologies in their support. Learners can collaborate synchro-
C. Pedagogical Strategies nously or asynchronously. They can collaborate by engaging

Pedagogical strategies (i.e., strategies of instruction) drethe same activity, or they can each work on interacting
based on theories of learning. Examples of learning theoriegt separate activities in pursuit of a larger goal. They can
that are collaborative in nature include situated action theogfjare equipment, or coordinate their use of separate tools. The
apprenticeship learning, problem-based learning, and coopapproach outlined here makes every attempt to provide an
ative learning.Situated action theory emphasizes the local environment where participants can learn while engaging in
management of activity as mediated by relevant environmengaganingful activities in an realistically represented domain.
cues [50], [1]. The implications for learning are that apprdSituating learning activities in authentically simulated practice
priate actions are generated from a recognition of appropri@gounds much of the instructional practice.
opportunities given the contexfApprenticeship learning is
a means through which situated learning can occur, whédre
apprentices are active participants in an activity, usually with A wide range of issues must be addressed in building a
an expert. Apprentices’ process of learning moves from pkearning collaboratory, including cognitive systems engineering
ripheral to full participation in the activities of a community ofissues in analyzing a work domain, pedagogical issues in
practice, as the expert “fades” from engagement of the activigupporting effective distance learning in an realistic manner,
Problem-based learningis an example of a collaborative,distributed computing issues in managing data and processes in
learner-directed method of instruction where a small team afheterogeneous computing environment, and methodological
students, together with a tutor or coach, learn in the processssues in designing and evaluating a learning collaboratory. LU-
working through a problem [37]Cooperative learningis a CIDIFY gives structure to the design process by giving explicit
more general strategy in which students work together towardnsideration to these areas of design, and suggesting modeling
similar goals. Cooperative learning views learning as a procdesls to address these issues. Associated with LUCIDIFY are
of active construction of knowledge, and that process can aeseries of human-centered design processes that have proven
facilitated by social interaction. Cooperative learning tends #dfective in the process of designing a learning collaboratory.
happen naturally when students have face-to-face interactionsThe principle philosophy driving the design approach is the
such as learning that occurs around a table in a student studyion that the needs of the community and the tasks they per-
group. Social skills themselves should be nurtured and explform are of paramount importance. Thus, the users who are and

Iterative Design Processes
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main of practice are identified, and models of system use are de-

veloped. All of this is done with as much input as possible froffi9: 2. A use scenario for CLEOS.

the potential users of the design, for example learning commu-

nity members such as teachers, students, and experts. Thus taegegeographically dispersed, making use of local computing
is a heavy task focus to the participatory design [40] aspecesources and the Internet to connect to CLEOS and interact
of the design process. Models of user activities (encapsulateith other nonco-located community members.

use scenarios) and functions (captured by the AH), are created,

which in turn helps drive the development of software applic®- Design Goals

tions to support practice. Rapid prototyping [40], with formative The overarching goal of the design of CLEOS is to create
evaluations [53] as an integral part of the iterative process, helg$ effective virtual learning community. Software applications
to further develop robust models of use. The scenario-driven @githin CLEOS will support mutually beneficial interactions be-
sign approach [7] helps operationalize what is learned about tagen all members of the learning community, including prac-
activities of the community in the form of technological softtitioners, instructors, learners, and researchers. There are three

ware applications to support that activity. principle types of design goals in the development of CLEOS:
educational, methodological, and technical.
IV. APPLICATION OFLUCIDIFY TO THE DESIGN OFCLEOS From an educational standpoint, the goal of the design is to

“The desian framework described in Section Il has been acr_eate a virtual learning community centered around CLEOS.
. 9 . ; : : R distributed, collaborative educational learning environment
plied toward the design and implementation of educational tecéh

nical interventions such as tutorial software, educational colla ich as CLEOS can provide a wide range of students with in-
' reased instructional facilities and learning opportunities that

orat(_)nes, and systems that fost_er organizational Ie_arnmg. Ta'r% significantly different than the traditional teacher-centered
section introduces CLEOS, an implemented learning collabg

ratory whose desian and implementation was based on L cture format. A learning collaboratory, with its emphasis on
y 9 P ollaboration among learners engaged in authentically simu-

grllglt'?;; gg;?gsne;tr'ggeiisgf”gﬁzg]g system scope, design go%?ed experienc_e, shifts the emphasis of Iea_rning frqm tefacher-
' centered (passive) to learner-centered (active participation by
the learner). Fig. 2 describes a scenario that illustrates the scope
of CLEOS by describing a typical interaction between commu-
As a testbed for the design framework, CLEOS has beaity members collaborating on an experiment together.
developed. CLEOS is a virtual environment that endeavors toThe challenge is to design distance learning technolo-
build and nurture a community of learners separated by tingées that engender meaningful learning experiences that do
and space. As a learning collaboratory, its educational focust just mimic existing teacher-centered learning practices,
is teaching students the theory and practice of experimebtsg take full advantage of the power of computer-mediated
in the physical sciences. Specifically, CLEOS supports tltemmunication to support innovative learner-centered and
teaching of the underlying theory and operational proceduresllaborative interactions between students, teachers, subject
of experiments in NMR Spectroscopy and X-Ray Diffractionexperts, and resources. Thus a learning collaboratory can be a
Student learners in the collaboratory will find two tutoringiseful augment to traditional teaching methods. In addition,
systems: an NMR spectroscopy tutoring system (CVS), atfte support of learning does not stop with support of student
an X-Ray Diffraction tutoring system (VXRD). Instructors inactivities. Software applications within CLEOS will also
the collaboratory will find a software application to supporsupport instructor activities as they develop teaching materials
project-based learning via a project management tool tool fr the learners in the community.
organize and supervise projects (TOSP) that helps instructorérom a methodological viewpoint, the goal of the design of
create and manage multiple student projects. All collaboratoBLEOS, and its constituent components, is to operationalize
participants will find an asynchronous communication mesencepts and techniques within LUCIDIFY, upon which the de-
saging system (QB) to help experts, instructors, and learnsign is based.
ask and answer questions posed to the community, as well alf became clear early in the project that the success of any
software applications to support communication and accessstiftware developed would depend on the currency of the data
information. These software applications are developed wittithin the system. In order to facilitate adoption of the software
the explicit goal of supporting a wide range of potential useegpplications, the developers felt that users efforts in working
of the system, including practitioners, teachers, students, amith the system should be rewarded in kind with benefit to their
researchers. It is a distributed system, so users of CLE@®rk [24]. Thus an explicit design goal emerged indicating that

A. System Definition
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Fig. 3. Initial abstraction hierarchy for CLEOS.

a user who needed to input and maintain information should ¢ Software Developerswho are responsible for designing

realize a concomitant benefit in doing so.
Finally, from a technical standpoint, the goal of the design
of CLEOS is to build an extensible software system that allows

and implementing the original system, as well as continu-
ously extending the functionality, scope, and capabilities
of the system as the community matures, and

users to adapt their environment in a way that best supports thes Hosting Organizatior~which must gain enough of sense

work on which they are collaborating. In addition, the software

of success to justify continued hosting of the learning en-

components of CLEOS should be extensible from a programmer  vironment.
point of view such that the software infrastructure can grow to The functional purposes level of the AH describes the goals
meet the needs of a changing user community and expandh@red by all stakeholders of CLEOS. Varied priorities and
provide more functionality to the users as the community maalues of stakeholders are represented at the Value of Priorities
tures. level of the AH. It is these values and priorities that the stake-
holders use to judge the success or failure of reaching their
goals. The Purpose-Related Functions of the AH encapsulate
the general functions that will be used to satisfy the Functional
LUCIDIFY was used to guide the design of the componer?[wposes’. subject to the values anq priorities used as metrics.
. L - It'is here, in the case of CLEOS, drivers toward specific peda-

systems and overall architecture of CLEOS. An initial AH in ™. X . :

) : . . . ical strategies are captured. The Object-Related Functions
Fig. 3, describes the pedagogical, collaborative, and social W(%?(? ) 2 . . .
domain of CLEOS. etail the activities that CLEOS will support in order to realize

the Purpose-Related Functions. The bottom-most level, the
There are several stakeholders who goals, values, and a Kysical Objects, of the AH in Fig. 3 is underspecified due

ities are represented in the AH. These stakeholders include fggs/pace constraints. The elements to be found in this level
some obvious and some not so obvious ones. '

should really be the specific features within the applications

* Instructors—people who populate the environment withobjects) that comprise CLEOS. Thus when it is asked how will
educational material, facilitate learning, and guide a lot @LEOS support learning through expert demonstrations (an
the learner activity, Object-Related Function), the answer is the “Observe Expert”

» Learners—users who come to learn about NMR spedeature of the tutoring applications of CVS and VXRD.
troscopy and X-Ray diffraction, and It is through careful articulation of the AH in Fig. 3 that the

» Experts—people who act as resources to expert knowfeatures, instructional pedagogies, and collaboration aspects of
edge, and who answer questions. the elements of CLEOS are designed in a principled way. Gaps

» Educational ResearchersCLEOS is after all a testbedin the AH (missing links in either direction) identify gaps in
for researching learning and collaboration in a distributedLEOS’s ability to realize the stated functional purposes, and
computing environment, leads the developer to revise and iterate the design. As more is

C. Design Process
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learned, as the community matures, and as CLEOS is expanded, i1}

the AH will be modified as well to track the evolution of the v i { 4 |

work domain. . A A s I
Abstraction hierarchies are typically characterized by five i 4 A | A, |

levels of abstraction. Often, a second dimension, a part-whole e« Al | | e bl | F Al 5 | | P

decomposition, is modeled. The abstraction hierarchy in Fig. 3 L T e e -

does have a second dimension, but rather than a part-whole e s

decomposition, it is a characterization of three “categories” ! i

within the AH. The categories are: community, instruction, and pramammll [ = SR el 3

collaboration. In some sense, one could draw three separate “* b ¥

AHs, one for each category. However, during the course of the =~ fus=as i L | [Zve

design and development of CLEOS, it became clear just how i i ===

inter-dependent these three categories were as part of the de-

sign. The elements at the abstraction levels within any categt§ 4. System architecture of CLEOS.

are highly linked, yet there are strong links connecting elements

of one category to the elements at another abstraction levekgf-time with other users, and to launch the applications de-

another category. Community impacts instruction by providingriped in the Application Layer.

a learning environment and functions that support learning.The Communication Infrastructure Layer is the heart of the

Clearly, gollabor:_ition has a strong impact on instructional agg gog system. The infrastructure is based on MudSpot, a

community functions. o _ MUD that is responsible for managing the spatial environment,
The interweaving of community, instruction, and collaborgseating servers to allow multiple users to collaborate via an

tion directly impapts the design of CLEOS. Each instruction@lppncatiom and managing communication between users.

software application (CVS, VXRD, QB, and TOSP) has use inally, the Data storage layer is the collection of databases
models that include stand-alone and collaborative modes bt serve the various applications found in the application layer.
is important to consider these use-models in the context offfe components of CLEOS, and the communication between

community of learners, and design the interactions between E‘Eﬁnponents (denoted as the arrows in Fig. 4) will be described
people, software applications, and environment to support theémore detail in the following sections.
overall design goals of CLEOS. The next section details the

architecture and software components of CLEOS.

B. Communication Infrastructure Layer

V. CLEOS: DESCRIPTION The Communication Infrastructure Layer of CLEOS

Thi tion d ibes th " hitect ¢ CLEOf\%Ci”tates the communication between users in a virtual en-
IS seclion describes the system architecture o ironment where users can collaborate with each other while

based on a multi-user domain (MUD) that facilitates a SENSE o ing synchronously collaborative software applications. The

presence between community members, as well as SENVING A% t/server paradigm [20] forms the basis of synchronously

the communications infrastructure of the learning Conaboratoré’oflaborative software applications. The heart of the infrastruc-

CLEGS, as a learning coIIaboratqry deQicated tothe teaching[B e for CLEOS is a MUD called MudSpot. This section will
NMR spectroscopy and X-Ray difraction. briefly introduce MUDs in general, and then discuss MudSpot
in particular.
1) Multi-user domains:A MUD program is a shared virtual
CLEOS is a virtual learning environment. The user inteenvironment that enables multiple people to interact and com-
acts with a virtual “space,” navigating rooms and interactingiunicate synchronously [12], [13]. Usually, such environments
with other users. Within the environment, users will find softare Internet-accessible with text-mediated communication. A
ware tutorial applications that allow for multiple users to opdser of a MUD controls a character, and he or she defines the
erate the same tutorial. Fig. 4 illustrates the system architectat@racteristics (or description) of that character. To the user, a
of CLEOS as a set of functional layers. MUD looks like a series of rooms connected by exits. People
The topmost layer in Fig. 4 are the users within CLEOS, @and places (rooms) have descriptions, usually in the form of text.
diverse collection from students to teachers to experts in thas through these descriptions that the environment takes on a
field. distinctive characteristic, which serves as the backdrop for the
The Application Layer is a set of applications with whictinteractions between people. Communication is mediated by a
the users can interact. These applications are the software t@sldes of commands that allow users to speak to each other, or
within CLEOS that support learning. Currently, there are fouo perform certain actions. These actions range from “saying”
applications: two virtual instrument tutorials, the CVS andomething, to “grinning,” to navigating between rooms.
VXRD; an asynchronous messaging system, the QB; and an extension of MUDs are MUD object-oriented (MOOS)
project-management application, the TOSP. [12], [54] that allow users to create rooms, exits, things (ob-
The User Interface Level is the graphical user interface fcts), and verbs. In MOOs, the users are also the programmers
CLEOS itself. Users interact directly with the CLEOS Interfacef the environment, in a more direct way than with MUDs. MOO
to navigate within the virtual environment, to communicate insers augment and increase the functionality of the virtual space,

A. System Architecture
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and thus MOOs are constructed social spaces that undergo aMydSpot. Aworkroom is envisioned as a place where users
namic process of continual evolution [54]. meet to collaborate on some task. The type of task will most
MUDs and MOOs have been created and used for socpabbably depend on the types of software applications that are
interaction, play, and increasingly, for education. What is &vailable in that room. Alassroomis an area where students
about MOOs that make them appealing for education? Disork together on some learning activity. Users of MudSpot
tance learning situations are characterized by a “class” whérave the ability to create any of these types of rooms as they
teachers and students are isolated and instruction involweish, as well as creating exits from one room to another.
simply watching teachers on TV screens. The ability to bringterestingly, the network of exits between rooms may be such
the “class” together where they can interact synchronouslyat no two dimensional maps of the virtual space can be drawn.
allows students to become active rather than passive member3) An Extensible EnvironmentA key feature of MudSpot
of the class. Students can gather in a virtual environment aisdts extensibility. There are really two fundamentally different
interact in real time with their teachers and each other. Pdgpes of extensibility MudSpot has to offer: 1) user extensibility
collaboration and an active learning environment can fostand 2) programmer extensibility.
learning the subject manner, and also build useful team-buildingUser extensibility is the type of extensibility afforded by
and collaboration skills. Additionally, rather than receivingyUD/MOQO environments. Users can add rooms at will, naming
class material through the mail, the possibility exists to intend describing them as they wish. The richness of the resulting
grate the educational material into the virtual environmergnvironment is a testament to the personal creativity invested
Students can download materials as needed, whenever neeiiedl it by the users as they create their work environment.
Finally, virtual environments for learning make it possible for Programmer extensibility is a result of the way MudSpot
students from a wide array of physical locations to meet withas designed. It has been programmed in such a way that it is
highly qualified teachers [2]. relatively straightforward to customize and extend its capabil-
2) MudSpot: MudSpot is an extensible MUD that formsities. User commands can be added. Different room types can
the infrastructure of CLEOS. It is through MudSpot that usetse added. Most importantly, it is straightforward to add col-
communicate and work together on tutorial and other softwahorative software applications directly into MudSpot. In ad-
tools. MudSpot is an extension of Flanagan's JavaMUD [23]ition, there are software hooks to allow external programs to
The key enrichment that MudSpot provides its users is tlhe launched from within MudSpot. CVS, TOSP, VXRD, and
ability to dynamically expand the virtual environment bythe QB are examples of programs written independently from
adding rooms, things, and software applications. It is thdudSpot, and yet with a minimum of overhead, incorporated
ability to run collaborative software applications from withirinto the environment. The applications found in CLEOS is the
the environment that makes MudSpot a virtual environmestibject of the next section.
for collaborative work. MudSpot provides explicit support
for task coIIaboration through task-.defined workrooms ar@_ Applications Layer
classrooms that mediate the interaction between users [28]. In
fact, MudSpot renders a shift of its occupants frasers to CLEOS is avirtual learning environment containing software
collaborators applications to enhance learning. Students can find software
MudSpot, like most MUDSs, consists of “people,” “places,tutorial applications to teach NMR spectroscopy (CVS)
and “things.” Particular to MudSpot is the idea of specific roorand VXRD. Teachers and students can create and modify
types. Some of the “things” within MudSpot are collaborativproject-based learning modules via TOSP. Finally, students can
software applications, specifically dedicated servers for caisk and answer questions via the QB.
laborative software that allow two or more client applications 1) Collaborative Virtual SpectrometerThe CVS [16], illus-
to synchronize. In Fig. 4, two users each have started runniigted in Fig. 5, represents a computer-based instructional tutor
their own versions of the CVS (tutorial) Application. Thesdo educate students on the procedures involved in conducting a
two applications are both hooked up to a single CVS serveasic, generalized NMR spectroscopy experiment. As a poten-
within MudSpot (the users are in the same “virtual roomtial component of a learning collaboratory, CVS was designed
within CLEOS) and so whenever one user modifies somethimgth explicit consideration of collaboration. In keeping with the
on the CVS Application, the other user's CVS application idesign criteria in LUCIDIFY, several models of synchronous
immediately updated, via the Server, to reflect the chang#nd asynchronous collaboration are supported. The CVS tuto-
Within MudSpot there can be many instantiations of a serveial is designed to be used in three ways: 1) as a stand-alone
each server dedicated to the group of users collaborating wittugorial system that works one-on-one with a student user; 2) in
software application. In addition to the objects within MudSpo#n asynchronous collaborative effort via the QB;and 3) and as a
the user has the ability to perform certain actions. The user canftware application that can be synchronously shared by mul-
for instance, speak to others in the room, or can launch clidiftle students working on different machines, where each user’s
applications (software). copy of CVS is synchronized with the others in real-time.
MudSpot is a shared environment that consists of severalThe CVS Tutorial was developed under LUCIDIFY and thus
types of rooms. The type of room defines what sort of activitiets design explicitly support the pedagogical strategies of ap-
occur there, and what sort of software applications (generaflyenticeship-style instruction and exploratory learning. Support
collaborative) are available for use. In addition to a generfor active contextualized learning [26] lends itself well for the
room, there are two specialized rooms currently available teaching of procedural knowledge and operational skills [9].
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Fig. 5. Collaborative virtual spectrometer. Fig. 6. Virtual X-Ray Diffractometer.

Vygotskian theories of learning stress that individuals gain skills 2) Virtual X-Ray Diffractometer:The VXRD, illustrated
by engaging in tasks with an “adult or more capable peer” [59h Fig. 6, represents a computer-based instructional tutor to
In general, four overlapping stages of pedagogy can be idemtucate students on the theory and procedures involved in
fied [10]: (1) Modeling, through the observation of expert perconducting a basic generalized X-ray diffraction experiment.
formances, (2) Coaching, with expert guidance and help, (8XRD, like CVS, is a CALOT-based system [18] designed
Fading, where expert assistance is gradually withdrawn, and ghider guidance of LUCIDIFY, and so it supports two modes
Reflecting, student self-monitoring and reflecting upon past pef instruction, “Observe Expert” and “Act as an Apprentice.”
formances. Therole of the expertis to provide appropriate “scAfXRD can be used in the same ways that CVS is used.
folding” for the student apprentice. 3) The Question BoardOne of the key goals of LUCIDIFY
There are two major modes of instruction in CVS: 1) “obsenis to support asynchronous collaboration to enable collaborative
expert” and 2) “act as an apprentice”. Additionally, tools for edearning. Thus a central goal in the development of the CVS and
ploration and reflection exist as options to explore related thdte VXRD is to use its web-based technology to create mecha-
oretical concepts and ask “what if” questions [31]. The “moreisms for collaborative learning software applications. The QB,
info” option present the student with a context-relevant list dflustrated in Fig. 7, was developed in order to provide a forum
theoretical concepts (“What is this and why is it important?fpr asynchronous communication between students. The QB is
and hypothetical situations (“What if.?”). The “Let Me Try” a messaging system that allows students to post messages to
option provides guidance via a checklist of procedures relataedcentral server, which then makes all messages available for
to the current context. The “Show Me” option allows studenggeneral inspection. Students can read other student’s messages,
to return to the demonstration mode of “Observe Expert” of ttand reply if they wish. Through this messaging system, students
particular lesson. Fig. 5 illustrates the CVS in “Act as Apprersan communicate asynchronously as they hold discussions on
tice” mode. topics of interest, ask and answer questions, and generally in-
The typical user of the CVS tutorial would be an underform and learn from each other. In this way peer-to-peer learning
graduate college student with little or no expertise in NMRs enabled. The QB d takes this concept one step further by
spectroscopy, but with a grasp of basic science, chemistry aitdwing the students to attach to their message a snapshot of
physics. It is the goal of the software to guide the developmeihie CALOT-based tutorial system under operation. Students can
of expertise in both the theory of NMR spectroscopy and thgghlight, with transparent colored boxes, portions of the snap-
operational procedures involved in conducting a spectroscagyot in order to draw attention to salient features germane to
experiment. The goal of CVS is to raise the user's level dfieir question or comment. Thus, students have a common ob-
expertise to the point where he or she is competent enoughetot which they can annotate and share in the course of a discus-
run an experiment on actual machinery (which is expensive agidn.
therefore requires that only trained experimenters are allowedlhe QB is designed to be used in two ways: 1) in an asyn-
to use it). The design of CVS is based on the Collaboratiatironous collaborative effort during the operation of a CALOT-
Apprenticeship Learning Object Toolkit, a library of Javédbased tutorial, and 2) and as a tool to inspect an archive of sub-
objects for the building of collaborative tutorial software. Aect- specific communication within CLEOS. The QB acts as
detailed discussion of CALOT and the design of CVS is beyorad simple mechanism to help students contact each other and
the scope of this paper, and the reader is referred to [18] ammmmunicate about their common task: working through the tu-
[17] respectively. torial. This form of loose collaboration facilitates peer-to-peer
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learning while still placing most of the responsibility of working v o S e
through the tutorial on the individual student. i i
In the context of CLEOS, the QB can also be used as a sepa- R S R
rate program. All the various forms of the QB (embedded in tu- i i et et =
torials like CVS or VXRD, and stand-alone versions) are served e
through the same database, and so all comments and questions e
are inspectable. Thus the QB provides some initial simple mech-
anisms for asynchronous collaborative learning, including an s
“organizational memory” of comments from previous students, . o W Ay T 1L
educators, and others, such as bulletin boards and organized an-
notations. Fig. 9. CLEOS graphical user interface.

4) Tool for Organizing and Supervising Project3OSP, il-

lustrated in Fig. 8, is a project management and organizationatr,q community information window depicts information
information software application built upon the SPOT softwarg, gt the people, places, and things in the user’s present loca-
libraries [27]. The SPOT libraries model the components of argsp The name of the current room, and a list of the people in
search organization as a series of objects, e.g., projects, peaplg.,room, is displayed. Exits, contained in a pull down menu,
events, skills, activities, roles, deliverables. TOSP builds upgRe |aheled with the direction and destination. Selecting an exit
these descriptions an environment where these objects canfcause the user to move through it to another room. Finally,
visualized, manipulated, and edited. The stand-alone versionQjst of the things in the room is given. In Fig. 9, the user isin a
TOSP allows the user to work with the data in the databaggassroom where servers for a whiteboard, CVS and TOSP are
TOSP can also be used as a distributed, synchronously collghyning. People in that room will most likely be collaborating
orative tool. Additionally, different sets of users can use TOSB}, one or several of the software applications in the room.
instructors can collaborate while designing a project, studentrnediscussion areds where users in a room can communi-
teams can collaborate as they work through a project, and othgsgs 1o each other. At the bottom of the area, users input their
can inspect the activities and progress of projects. commands. Directly above the input field is the instruction area
where, in red, the system prompts the user for specific input by
displaying instructions. Finally, the large text area displays the
The graphical user interface (GUI), illustrated in Fig. 9, is orunning conversation. System (informational) messages are dis-
ganized in such a way as to reflect the multiple perspectives guldyed in italics, user names (when speaking) are displayed in
roles a user plays within the CLEOS community, as identifidabld.
in the abstraction hierarchy in Fig. 3. The GUI presents threeThe Toolbar contains buttons for each software application
windows: 1) Community Information, 2) Discussion Area, anthat is available in CLEOS. Which software application can be
3) Toolbar. used collaboratively depends on which servers(s) are running

D. User Interface Layer
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Fig. 11. CLEOS from a user-centered perspective.

Fig. 10. CLEOS, object-centered perspective.

. _ _ . been launched by users within that room. Each room keeps
in the room in which the user is currently located. The QB isointers to all the MudSpotPerson(s) in it, and exits lead from
executable anywhere, since itis simply an external window inghe room to another. It is by travelling through exits that users
the message database. The two tutorial software applicatiofiss move from one room to another.
CVS and VXRD, have QBs incorporated within them as well, Theuser-perspectiveillustrated in Fig. 11, is the perspective
and when launched from a tutorial, have the ability to take scregfthe user of the CLEOS system. What the users “see” is a series
captures of the tutorial interface. _ _ of interconnected rooms. The user may encounter other people
The next section discusses the implementation details jgfa room, and can chat with them directly. When in a room
CLEQS, discussed from two stakeholder perspectives (user gfieh the appropriate server running, the user is able to launch
developer), and how CLEOS is designed to address issues@bllaborative software application that will synchronize with

community, collaboration, and instruction. others using that same application in this room. Users can access
the QB from any room. Additionally, the QB can be launched
VI. CLEOS: IMPLEMENTATION from within a tutorial software application, and then also has the

A learning collaboratory is by definition a collaborative ability to render a screen capture of the Lesson Window within

distributed application. Addressing distributed computingat tutorial.

issues such as system partitioning, persistence, multithreading,

coordination, communication protocol, and security are vital - Addressing the Issues in Distributed Computing

the success of a learning collaboratory. The design, implemensystem partitioning is the issue of how to distribute
tation and evaluation of a learning collaboratory depends gfe system among the available computing resources [20].
distributed computing issues such as information sharing, maipt EOS, as a highly distributable system, contains Objects
taining user identities, communication, and performance. Sofyghin MudSpot (e.g., MudSpotServer, MudSpotRooms, client
of these issues are addressed by the choice of programmépglications, servers) that need not run on the same computers.
language, and in this case Java is well suited for collaboratigg EOS does not fit into the traditional server/client paradigm
distributed applications. Java supports many types of netwajiice some objects act as both a server and a client. The system
communications, contains many classes that support filteriRgis been successfully operated using a group of computers in
and preprocessing incoming and outgoing message streafifinesota and Illinois simultaneously.

and supports capabilities such as distributed objects, remotgersistenceis the ability to save changes to data from one
connections to database servers, and directory services. Jayagsion to another [20]. User initiated changes to the CLEOS
distributed-object scheme called remote method invocati@dvironment (e.g., the addition of a MudSpotClassroom) can
(RMI)], provides the basic elements needed to constructpa saved for future sessions. The TOSP and QB databases are

distributed application. updated with each change the user makes.
) Multithreading refers to the ability to run multiple threads of
A. CLEOS Architecture control in the same process on the same machine. Each applica-

CLEOS as a software system is the syntheses of all the siien, each MudSpotRoom, each server application, each client
tems described in Section IV. There are two perspectives frapplication, runs as its own process, lessening the need for mul-
which one can look at the architecture of CLEOS: 1) object-cetiple threads within the process. Some software applications,
tric perspective and 2) user-perspective. like the CLEOS interface, and the QB when used in conjunc-

The object-centric perspective illustrated in Fig. 10, is the tion with a tutorial system, run in their own threads.
perspective of the collaboratory software developer. CLEOS isMultiprocessing is the use of multiple computers (pro-
composed of MudSpot, CVS, VXRD, TOSP, QB, and more. cessors) in a distributed application. CLEOS is inherently

MudSpot provides four key types of software objectdistributed since multiple, nonco-located community members
MudSpotServer, MudSpotRoom, MudSpotClassroom, amdch interact with the community using their own computing
MudSpotPerson. The MudSpotServer keeps track of all thesources.
rooms and all the people. Each user in CLEOS is represented b oordination is the ability of users and their associated soft-
a MudSpotPerson. Each place in CLEOS is either a MudSpuatare applications in a system to interact to reach their goals.
Room or a MudSpotClassroom. A MudSpotClassroom has irHbw much shared state information to invest with each user,
three servers (for applications CVS, TOSP, and VXRD), ea&lersus how much communication between users, are some of
of which were spawned when the MudSpotClassroom w#®e dimensions in coordination. CLEOS allows for synchronous
created. These servers service any client applications that heemmunication between users in the same room as they “talk”
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to each other, and thus users can work out their own ways of ¢be domain, the user profile, the learning pedagogies employed,
ordinating their activities. It would be inappropriate, given thand explicit consideration of the type of collaboration tech-
use-model that drives CLEOS, for the system desigmnpidori  nologies required. In addition, this paper has demonstrated the
enforce certain modes of coordination between users. use of LUCIDIFY in the design and implementation of the
Communication protocol is the way various system ele-CLEOS. The design of CLEOS can serve as an example of how
ments communicate with each other [20]. CLEOS, being @ollaborative, distributed computing technology can be used to
amalgam of several different systems, has many protocols wéhpport learning in a distributed environment.
which to communicate (e.g., HTTP, Java Serialization, Java
RMI).
Security is always vital to the health of a collaborative dis-
tributed application. The CLEOS application itself, being a pro- The author would like to thank the following people for their
totype, has no security built into it, but has “hooks” where seontributions to this work: P. Jones, J. Jacobs, B. O’Keefe, M.
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