SCIENCE EDUCATION AS A DRIVER OF CYBERSPACE TECHNOLOGYDEVELOPMENT1Roy D. Pea (pea@nwu.edu)Louis M. Gomez (l-gomez@nwu.edu)Daniel C. Edelson (d-edelson@nwu.edu)AbstractDistributed multimedia learning environments canreshape pre-college science education. This paperprovides a perspective on what is required to placethese environments into classrooms and details whatchallenges must be met for their appropriation. TheLearning through Collaborative VisualizationProject has provided a wide-band high-speedcomputer network and a desk-top videoconferencing network, a means to collaborativelywrite and structure scientific inquiry, and scientificvisualization tools that provide wide-ranging datasets on climate and weather. The development ofthis environment was guided by a question-centeredand collaboration-focused pedagogy that recognizesstudents and teachers will continue the designprocess by innovating uses and suggesting revisionsto their functionality.1IntroductionEducational applications of networkingtechnologies are becoming increasingly prevalent.But "applications" are too often treated as infusionsof technology into society, not drivers of newtechnological or research developments. Thepremise of the Learning through CollaborativeVisualization, or "CoVis" Project, challenges thatcommon belief [23]. Extending media-rich andhighly interactive learning and teaching activitiesbeyond single classrooms makes demandingrequirements for new applications. We aimed tocreate "distributed multimedia learningenvironments" to serve precollege science educationneeds.2The CoVis ProjectOur goal has been to create a scaleable solutionusing the public-switched network to establishdistributed multimedia learning environments forhigh school science. We have designed and nowprovide wide-area broadband services that integratedesktop videoconferencing and screen sharing,educationally-appropriate scientific visualizationtools, newly-developed structured hypermediacollaborative workgroup software, and standardInternet communication tools by hundreds ofstudents and six diverse teachers.2.1Serving science education needswith cyberspace technologydevelopmentThe CoVis Project designed a "network testbed"in which a vision for science educational reform thattakes cognitive, social, technological, and scientificbreakthroughs into account could be concretelyimplemented and then empirically studied as acommunity appropriates and evolves its uses. Wehave found it essential to attend to learning andteaching needs and technology trends. Ourassessment of learning and teaching needs has led usto project-enhanced science learning [27] as anembracing approach to pedagogy. Attention totrends in national information infrastructure led us inparticular to the public-switched ISDN network, toclient-server distributed network architecture, toscientific visualization as a substantive emphasis,and to designs for new collaborative tools for jointwork among CoVis community participants.2.2Education is a demandingenvironmentComputer and communications science andindustries make a mistake when they assume thatadvances in technology occur either fromtechnological innovations and engineering alone, orfrom generalized theories of human-computerinteraction. We know from work this past decade on"user-centered system design" for software systems[19] that it is exceptionally important to fit the toolto the task, even as we seek to invent technologyparadigms and applications so that new tasksbecome possible.Education in particular has suffered as often thelast application area for advanced technologies. Ithas typically taken 15 years for computer tools tomake their way into classrooms from their advent inmilitary or industrial settings [29]. Examplesinclude the spreadsheets, graphing tools,simulations, and word processing. But education isfar too crucial a function for the future of ourincreasingly global societies to wait in this long line.In precollege education, children of differentages participate daily in one of the most demandingchallenges of a lifetime. They are supposed todevote some 18,000 hours over about 200 seven-hour days a year for 13 years to learn to engage thedifferent abilities of the mind and body, to becomeliterate in the subject matter, skills, and media of

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. Edelsontheir era, and to contribute to society in work,family, and community. Until recently, students�primary setting for doing so was with one or a fewteachers, within a few small rooms, not connected tothe world even by a telephone. Education is not only an "application area," butwhat we will call a high-priority "invention area."Industry could benefit from working witheducational professionals and learning scientists tounderstand the market opportunities surrounding theprovision of better support to the activities oflearning and teaching.While teachers have adapted previous"innovations" such as slide projectors,audiorecorders, radio and TV without makingsubstantive change in their teaching [4], there isstrong evidence that teachers are recognizing howcomputer and communications technologies havevast potential to provide new work tools fortransforming their educational practices and thelearning experiences and outcomes that are possiblein fundamental and exciting ways [18].The demands and constraints of educationalsettings can drive the development of veryinteresting and valuable new technologies andparadigms of computer and telecommunications usein support of human activities. Several years ago,Pea and Gomez made this argument for the creationof Distributed multimedia learning environments[25] integrate computing and communications toprovide students with rich resources for learningaccessed in the context of geographically separatedlearners.2.3Science education as driver of CoVistechnology developmentsWe now provide five examples, in a commonframework, for how the demanding needs of scienceeducation have led to new cyberspace technologydevelopments in the CoVis Project. A preliminaryoverview of the CoVis network environment and"testbed" suite of applications will be useful. Webegan working with six earth and environmentalscience teachers at two Chicago-area high schools insummer 1992. In fall 1993, these teachers andnearly 300 students began the school year withscientific visualization tools for atmosphericsciences and an asynchronous collaborationenvironment called the Collaboratory Notebook,both developed by the CoVis project, as well asdesktop video teleconferencing, and a full suite ofInternet tools including e-mail, Usenet news, andGopher. Students in each classroom use theseapplications running on a group of six MacintoshQuadra workstations connected to a high-speedvideo and data network. These applicationscollectively provide a �collaboratory� environment[16] that couples tools to support communicationand collaboration with open-ended scientific inquirytools.2.4A scaleable network desktop videoand media-rich communicationsContext of problem. K-12 schools have notgenerally benefited from Internet-connected IPnetworking, although many schools are beginning toachieve basic use of low-bandwidth networkedapplications like text-only email. One major goal ofthe CoVis project is to combine prototype and off-the-shelf applications to create a reliable, networkedenvironment that showcases HPCC technologies forK-12 learning communities.Educational needs of learners and teachers. Asin related industrial work at Bellcore and XeroxPARC, we wished to create rich "media spaces" inwhich distributed project teams could docollaborative work [10], but in this case, in supportof collaborative work and learning amongadolescent students. Research in the learningsciences had indicated that learners and teachersneed highly interactive conversational environmentsaround media-rich artifacts to provide commongrounds for fostering learning communications [24,25].What did we develop? The network design andimplementation was the result of a collaborationbetween Northwestern, Ameritech, and Bellcore. Weselected public-switched Primary Rate IntegratedServices Data Network (PRI-ISDN) as the transportlayer for the CoVis network. ISDN is the switchednetwork service with the short-term bestcombination of high bandwidth and ubiquity, andBellcore predicts access in 1996 to over 70% of thenation’s population. ISDN bandwidth can bebroken up into call channels, and dedicated todifferent functions, so we were able to create ahybrid, two-function "overlay" network that givesstudent workstations access to both ethernet-basedpacket-switched data services and circuit-switcheddesktop audio/video conferencing. Each CoVisclassroom in the first year of the project containedsix networked Macintosh workstations with anaccompanying desktop video teleconferencing unit.At each school, the local ethernet is bridgedthrough an ethernet-ISDN bridge and passed throughan inverse multiplexer across the ISDN lines toNorthwestern�s campus-wide network, using a groupof six 64 kb/s ISDN channels to create a 384 kb/s"virtual ethernet" connection (compressionperformance yields ~1 Mb/s).Because we sought to avoid blocking of videocalls, each school required enough line capacity tomaintain six 384 kb/s video calls at once (thus 36 b-channels for video). Since a single PRI line contains23 b-channels, each school required two PRI-ISDNlines. The network layout for the first two CoVisschools is shown in Figure 1.

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. Edelson

Schools

2 PRI

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. EdelsonMany of students’ troubles in science stem fromdifficulty in understanding the abstractions,formalisms, and quantitative terms of equation-based data representations. By taking advantage ofpowerful human visual perceptual capabilities,scientific visualization offers a new route toscientific understanding, and the possibility ofreaching students traditionally ill-served. Scientificvisualization also offers the possibility of opening upnew domains for study that have been consideredtoo complex for students because of their heavyreliance on formulae and abstract representations.Similarly, scientific visualizations can give studentsthe ability to conduct direct investigations in areas towhich they have only had indirect access before(e.g., global climate data; planetary biomassdistribution; ocean temperature).We had spent considerable time in scienceclassrooms, and knew from previous work onscience educational software that a vast gap existedbetween what students understood and what theywould need to know to use such tools effectively insupport of science learning.Educational needs of learners and teachers. Theneeds for kids to make scientific visualizationtechnologies usable were great [14]. Typically,scientific visualization software, such as Spyglass’sTransform, provides a powerful general purposeprogramming language for transforming such data asspatially gridded temperature and moisture data intoa colored image in which temperature values aremapped to colors. The data sets for scientificinquiries like these are commonly so well-known bythe scientists who use them that they do not evenbother to label the variables represented in the datatables. The operations in the general purposeprogramming language which are sensible ones aretypically so familiar that the scientist does not evennotice all the possible programming commandswhich could be issued which would yieldnonsensical transformations (and hencevisualizations) of the data, such as dividingtemperature values by moisture values. Scientistsdemonstrate shared tacit knowledge about the datasets that students lack. For example, units arefrequently not specified and highly distorted spatialprojections and perspectives are used.What did we develop? Work to adapt scientificvisualization for the classroom involved creating"knowledge engineering" techniques and newvisualization tools for learners. For the techniques,our team worked closely with atmospheric scientiststo adapt their research tools for use in high schoolscience by creating "front-ends," or supports fornovices to work with complexity. We defined afour-step methodology for adapting scientific toolsfor learning [7]:1.

Investigate science practice. Scientists areobserved using visualization tools and data setsfor a specific domain, with the goal of elicitingthe sorts of questions the visualization tools anddata sets can be used to investigate for theirarea, and how the tools are employed duringinquiry.2.

Identify tacit knowledge used in science practice. We seek to articulate the tacitknowledge scientists employ when usingvisualization tools, e.g., scientific principles,understanding of the limitations of datacollection processes and models used toenhance the data, and how-to knowledge fortools.3.

Scaffold the science practice for students by making the tacit explicit. We adapt thesevisualization tools to make explicit in thesoftware interface and affiliated pedagogicalactivities the tacit knowledge so as to assiststudents in pursuing meaningful questions.4.

Refine the visualization tools in response to formative evaluations. Through a combinationof observation and direct user feedback, weevaluate the patterns of use that emerge anditeratively redesign the software as needed.We developed three visualization environmentsusing this four-step process for building "front-ends"to scientific visualization tools and data sets. Thesevisualization environments cover three aspects ofatmospheric science and are called: (1) the ClimateVisualizer [13, 14], (2) Weather Visualizer [9], and(3) the Greenhouse Effect Visualizer [12]. Each ofthese is built on top of a scientific visualization toolused by researchers (e.g., Transform from Spyglass,Inc. for (1) and (3), and wxmap, at the University ofIllinois, Urbana-Champaign, for real-time weatherdata [26].How did it work in use? During 1993-94 and1994-95, students in the classrooms of the CoVistestbed have used the different visualizers in theirscience projects. Yet while they found the toolscomprehensible and the visualizations to offer newinsights into the phenomena of the domain weunderestimated the need to provide activities forteachers and students that would provide them withan understanding of appropriate contexts for use. Asa result, teachers perceived relatively narrowcurriculum scopes in which these specific scientificvisualization programs fit, and students often lackedthe ability to develop meaningful uses of theseinvestigation tools on their own.What does this tell us about design bothgenerally and specifically? The successes in beingable to evolve a high-end scientific workbench into aprecollege-age appropriate learning tool by thisprocess we called "front-ending" were importantachievements. Our industry partner Spyglassbecame particularly enthusiastic about these resultsas they related to the market for their software.Previously, they had conceived of their market asscientists, who would use visualization technologiesin their research. Now they conceive of their

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. Edelsonsoftware, if joined with age and knowledge-adaptivefront-ends, to have a much vaster audience,including children with little background in science,an entirely unexpected result from their perspective.What challenges remain? A major challenge isthe issue of curriculum scope. We believed that"weather" and "climate" and "greenhouse effect"were each not topics for only a set number of weeksin the earth sciences curriculum, but topics involvingsuch interesting, diverse, and complex phenomenathat they could be investigated in projectsthroughout the school year. But to do so requiredtoo large a change in teaching philosophy andcurriculum theory for the CoVis teachers. On theother hand, it would not have been practical for theCoVis team to conduct the ethnographicobservations and interviews which were integral tothe design of our knowledge-scaffolding front-endsto the visualization software and data sets for eachand every one of the other cognate fields --astronomy, geology, oceanography - which theteachers sought to "cover" in their teaching of earthscience. A second challenge is the development ofappropriate activities and materials for teachers torely on in their initial appropriation of these tools.We now plan to develop tasks and activities thatcontextualize our tools with reference tofundamental scientific questions and principles andchoreograph their integration with existingclassrooms practices.2.6A groupware application forsystematic science inquiryContext of problem. Early approaches to the useof technology in education were based on atransmission model of instruction, in whichtechnology (e.g., film and broadcast media) wasused to transmit instruction in a more engagingfashion and to larger numbers of students. Distanceeducation inherits this tradition when it uses phonelines, satellite links, and microwave to transmit staticknowledge to wider audiences, with minimalopportunities for highly interactive conversationswith instructors or learners [25].With the advent of the personal computer,technology took on new roles for learning, includingsupporting students to interact with responsiveenvironments that support compelling activelearning. However, in workplace and otherenvironments, computers have shown great value insupporting communication and collaboration, as ine-mail and in groupware tools such as Lotus Notes.Increasingly technology has assisted in broadeningthe form that collaboration takes to include not justdiscussion but the sharing of artifacts andcooperative work across time and distance.Technologies with similar emphases can play arevolutionary role in supporting new forms oflearning conversations in educational settings [7].It has been a commonplace from cognitively-guided research in science education to documenthow lecture and demonstration centered pedagogy isnot effective at securing student subject matterunderstanding [17]. Learning which builds fromstudents’ questions, which engage the knowledgethat they have, is characterized as a "constructivistapproach" to learning [15, 28]. Projects in thesciences can build from students’ questions, andwhen well-guided by mentors, provide motivatingand effective contexts for the acquisitions ofresearch skills and scientific understanding [27].We thus aimed to create a groupware application forfostering student learning and systematic scienceinquiry through project-oriented learning.Educational needs of learners and teachers.When teachers seek to integrate open-ended scienceprojects into classroom life, they find manychallenges to their goals of keeping records ofinquiries and monitoring student progress in theirinvestigations. We expected technology couldprovide significant support to these goals.What did we develop? We created a wide-areanetwork-based hypermedia Collaboratory Notebook,on top of an Oracle database server [5]. The linktypes of the Collaboratory Notebook "scaffold"processes of scientific inquiry, and enabledistributed work groups to define and conductscience projects. Throughout their work, studentsare able to record text as well as tables, graphics,sound, video, and animation within their notebooks.These groups may be students within schools, acrossschools, and often involve adults as mentors,including teachers, scientists, science graduatestudents, and science education researchers. Projectworkgroups negotiate project topics with oneanother and teachers, log observations fromscientific visualization and hands-on investigations,and communications from Internet document anddata identification useful for their project. It is alsodesigned to provide teachers and other mentors witha window into the students’ thinking processes andactivities.In a typical use of the Collaboratory Notebook, agroup of students might develop an idea for aninquiry, negotiate its details with their teacher, andbegin by recording questions and hypotheses. Thesecould be followed by a plan for how to pursue theirinquiry. A teacher or other mentors might read thestudents� questions, hypotheses and plans and addcomments to help them focus their efforts or to alertthem to useful resources. Students may go on toengage in separate research activities that they couldindividually record for the others to view. In doingso, they store both data and analyses within theNotebook. Without needing to meet in person,students can exchange questions and comments ontheir findings. Once they have conducted theirinvestigations, they can get further guidance from aninstructor or a scientist mentor, and use theirrecorded information to draw conclusions or initiatefurther research.

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. EdelsonHow did it work in use? Throughout 1993-94,teachers and students used the Notebook in a varietyof ways to support their open-ended activities. Inone case, a teacher conducted a weather predictionactivity using the Collaboratory Notebook, in whichgroups of students would all record their predictionsand the evidence for them for the same day. Afterrecording their own prediction, students then had theopportunity to view and comment on the predictionsof other groups within the Notebook software.Other activities involved recording questions andprogress during more traditional open-endedclassroom research projects.The Collaboratory Notebook was designed for anenvironment where access to computing resourceswould not be a limiting factor. In fact, given accessgenerally to only six workstations in each classroomfor about 25 students, resource limitations became areal issue. As a result, many projects weredeveloped with only minimal use of the Notebook[6], and some teachers chose not to use the softwareat all. As far as the nature of the activities that wereconducted with the software, some uses of theNotebook for projects used few resources beyondtextbooks and reference materials. Many Notebookprojects could have benefited from mutual influence,but students were unaware of one another’s efforts[21], thus failing to produce cross-schoolcollaborations. One collaboration at a distanceoccurred when scientific mentors from theAtmospheric Sciences Department at the Universityof Illinois and Exploratorium Museum in SanFrancisco advised students investigations.What does this tell us about design generally andspecifically? On functionality, the scaffoldingsupports of the link types in the Notebook providedimportant guidance for students in their projectwork, and for teachers in their goals of monitoringand shaping student progress. Heeding the structureof the work tasks in science projects, rather thanusing a general hypermedia notebook with untypedlinks, was an important aspect of this success. Onthe other hand, attention to resource limitations andtheir effects has proven to be a critical issue.What challenges remain? We would like to seemuch more integral use of the CollaboratoryNotebook in the science classroom. Such use wouldrequire several major changes, however. One is thegrowth of a classroom culture of presentation,commentary and revision of notebook-supportedprojects. Too many projects which have relevanceto one another are underway in the CoVis testbed,and yet due to teacher practices do not find their wayinto discussion, on-line or otherwise, with respect toone another. A second major change would beavailability of a computer and network connection toevery student and the teacher, during school and,ideally but especially for the teacher (who oftenreviews student work at night), at home. Anotheralternative in this vein is to discover designs forapplications like the Notebook that encourage usewithout each person having personal on-demandaccess to the application. A third and crucial majorchange will be in establishing the critical mass ofclassrooms throughout the country in the next phaseof the CoVis Project that can contribute studentswishing to work together, and sufficient experiencesamong teacher practices in establishing agreed-uponstandards for assessing the quality of learning andresearch in students’ collaborative projects.2.7Desktop video for classroom useContext of problem. Considerable enthusiasmhas been developing in the industrial community,and in the "new media" marketplace for video-to-the-desktop. The industry focus has been onsupporting formal videoconferencing participationby groups who do not need to go to a special facility,or on supporting the informal communications,much like running into a colleague in a coffee area,that tend to enhance the chances that such colleagueswith engage in collaborative work [8]. There havebeen complex technological and social design issues.Technologies for desktop videoconferencing havebeen expensive primarily because of codec costs,and sustaining acceptable frame-rate performancefor person-person communication needs over eitherLANs or WANs has provided a demandingenvironment for engineering. On the social side, thecrafting of software and communication protocolsfor launching and managing desktopvideoconference calls to support humancommunicative needs at work has takenconsiderable effort. Videoconferencing to thedesktop in the classroom was virtually non-existent,although many examples existed of "distancel e a r n i n g " u s e s o f c l a s s r o o m - b a s e d videoconferencing [25].Educational needs of learners and teachers. Ourexpectation was that there were a range of likelyneeds of the activities that go on in a project-enhanced science classroom which desktopvideoconferencing could fulfill. First, weconjectured that a teacher’s use of initial resourcematerials to motivate student interest in a sciencetopic from which projects could be developed, suchas videotapes, would carry over to a use of remotevisits to interesting video sources, such as exhibits atthe Exploratorium Science Museum (a CoVispartner). Second, we conjectured that studentswould wish to conduct some of their collaborativework across schools with the additional mediachannel of desktop video, to enhance thecommunicative feedback possible as they worked tofurther their project activities. And third, weconjectured that being able to create a distributedaudience for the presentation and discussion ofproject results would be an appealing use of thedesktop video medium.What did we develop? We made it possible,with extensive engineering and redesign work fromBellcore and Ameritech, for students to use the

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. EdelsonCruiser“ application to place calls to other CoVisaddressees, including other classrooms andNorthwestern researchers. Late in the 1993-94school year, Cruiser installations at theExploratorium Science Museum in San Franciscoand at the Department of Atmospheric Sciences atUniversity of Illinois, Urbana-Champaign madepossible virtual field trips and interactive weatherbriefings.How did it work in use? Cruiser was technicallyavailable in CoVis classrooms beginning in January1994. Surprisingly, it was used primarily fortroubleshooting pedagogy and software use betweenteachers and Northwestern research staff, notbetween classrooms in cross-school collaborativeprojects as anticipated. Since teachers were worriedthat adolescents would use it as a medium forsocializing and ignore their project work, they wereleery to incorporate videoconferencing into projectactivities or requirements. This limitation in accessto the students meant that it was not used in theirinvestigative work.Furthermore, few cross-school projectsdeveloped, since it turned out that teachers did nothave a strong enough motivation in favor of cross-school collaboration by students to overcome thechallenges that such collaboration presented. Forexample, the teachers had never before needed tonegotiate standards for assessing student work onprojects across schools. Without common groundsfor assessment, they were not going to encouragecross-school student collaborations. Reflecting thisdifficulty, video conferencing was not used withincross-school collaborations. The same limitationprevented the expected use of Cruiser to extend theaudience for student projects.What does this tell us about design bothgenerally and specifically? In short, the "officeworker" paradigm of informal videoconferencing tothe desktop does not transfer "whole cloth" to theclassroom. New design must acknowledge thedifferent goals and social arrangements present inclassroom environments than in the workplace. Thesocial conditions for collaboration assumed to besupported by videoconferencing must be in placebefore the tool will be seen as serving usefulfunctions. Further, the user interfaces to videoconferencing applications for classroom mustspecially designed. Just as the Cruiser applicationwe used was crafted with the realities of the whitecollar office in mind, we have to articulate thedesign constraints from the classroom that shouldshape informal video conferencing for teaching andlearning.What challenges remain? We are finding astrong potential in uses of CoVis testbedvideoconferencing in support of scheduled eventsthat can be drawn on by teachers as dynamicclassroom resources. These events allow studentsand teachers to interact remotely with scientificexperts in informal and formal activities. We areable to provide CoVis workstations with live dailyweather briefings from atmospheric researchers(faculty and students) at the UIUC Weather Room.Such briefings can illustrate, through interpretationand analysis of weather charts, satellite and radaranimations, and forecast products, key concepts thatwill enable a student to conceptualize the structureand dynamics of the atmosphere. CoVis studentsmay participate in real-time discussions of weatherprocesses, collaboratively interact with scientistsaround shared data involving atmospheric,kinematic, and dynamic processes depicted onweather charts. In a similar vein, students are ableto take virtual field trips to San Francisco’sExploratorium Museum. Students set up a video calland Exploratorium staff wheel a remote videoproduction cart to the exhibit floor and provideinteractive discussions around exhibits on particularsubjects (e.g., investigating the weather section orexhibits on erosion).How to effectively scale network-accessiblevideo events is an obvious challenge. Here, too,designs must be evolved for how teachers andchildren will make use of these events for classroompurposes. Since there are no preexisting models ofapplications like these, a certain amount ofexperience-informed iteration will be necessary.We are investigating means to supply video andaudio communication over IP connections onInternet data networks as our current model ofcircuit-switched video connections has proved costlyto schools. The challenge is to identify more off-the-shelf solutions to providing wide scaleintegration of desktop videoconferencing intoclassrooms.3An educationally appropriate world-wide web resourceContext of problem. Exponential growth in uses ofthe World Wide Web (WWW) recently has alsobenefited education, as many K-12 schools are nowregularly seeking information and resources forlearning and teaching there. But web servers do notautomatically make for educationally-usefulresources. What will be required to establisheducation-oriented WWW servers which are guidedby the needs of learners and teachers [11]?Educational needs of learners and teachers.Educational web servers will have teaching andlearning centered design, including special purpose"front-ends" to web resources, and supportingstructures which help educational users matchresources to teaching-learning needs.Among the resources that learners and teacherswill need are to: (1) publish to audiences which willmotivate better documents, (2) solicit commentariesthat may help advance learning, (3) engagecommunities of practice in the world beyond schoolto make school knowledge-production shareable toschool and non-school users beyond a single

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. Edelsonschool’s boundaries, and (4) seek connection withmembers of professions in relevant areas ofspecialization for professional developmentpurposes.An education-focused web server will alsoinclude suggested or tried-and-true activitystructures, and assessment rubrics. The resourcewill recommend how to set up teaching-learningactivities in the classroom which use specific WWWresources. We also believe that web-based forms areneeded so that users of educational WWW serverscan provide commentaries on the found utility (ornot) of specific web resources or activity structuresfor their use. In this way, web servers wouldcybernetically adapt as their value is determinedthrough uses in practice.What did we develop? We are working on theGeosciences World Wide Web server. The aim is toprovide a new paradigm for environmental scienceand earth sciences education. It will include an on-line weather and climate laboratory for schools, withsuch resources as climate data sets, locally-collecteddata sets which student groups around the worldhave entered, editorially-reviewed student projects,and an indexing scheme for all the resources andservices that are provided by it.How did it work in use? The GeosciencesWWW server is still under development.Ultimately, we hope it will be an integrated platformfor learner-centered asynchronous collaboration. Ifwe are successful, its design will encourage teachersto consider it as the first resource to consult whenplanning or implementing an activity from theGeosciences in the classroom. We also want it tobecome a repository for examples of "best practice."Teachers will be able to add their activities to theserver. Students will use the server as a place toshare their project results. Our goal for theGeosciences web server is to be the first integratedexample for a web application that completelysupports classroom science activity.What challenges remain? Web servers -- liketextbooks and other media before them -- mustevolve to be useful in teaching and learningcontexts. The CoVis Geosciences WWW serverwill provide an initial step in this sequence. The aimis to provide several examples of web applicationsfocused on learning situations. Applications must bedeveloped that can be appropriated by teachers --such applications will pay provide advise on thesocial and activity structures in which theinformation provided can be utilized.4ConclusionsIn the past, technologists and marketers haveconsidered education an "application" for theirexisting products and technologies rather than adriver of new products and services. Our point herehas been that it is more productive to think ofteaching and learning as a driver of technologydevelopment. While this perspective has been rare inthe past, the development of cyberspace is anopportunity to design new underlying features andapplications motivated by the needs of teaching andlearning rather than seeing education as just a reasonto re-purpose and re-package existing applications.We used our experience in the CoVis testbed toillustrate this point. It is clear to us from ourexperience to date that we have had successesengaging teachers and children when we haveunderstood their needs and created applications thatfundamentally reflected teaching and learningcontexts. In contrast, we have been least successfulwhen we attempted to transfer, wholesale, anapplication or application-concept to schools withoutthe necessary rethinking or fundamental re-conceptualization. Our experience with Cruiservideoconferencing is a perfect case in point. Webelieve that teachers, at least in part, shied awayfrom video conferencing because the form wepresented it to them came directly from the world ofwhite collar office work. In that world, for example,people often have private space in which to work.Personal video conferencing makes sense. In theclass, private space is minimal. Therefore, informalvideo conferencing must be re-thought for theclassroom.On the other hand, we were more successful withthe Collaboratory Notebook and Visualizers becausethey were informed by the needs of learningcommunities from their inception. In the case of theCollaboratory Notebook we started with a generalnotion -- collaborative hypermedia, and shaped thedesign of the application in iterations of classroomuse and teachers’ commentaries. In the case of theVisualizers, the tacit knowledge of the scientists wasmade explicit and easy access provided through thecreation of custom visualization front-ends.Part of our effort to create applications ofcyberspace that reflect the needs of teaching andlearning contexts has meant changing our view ofwhat it means for technology to be integrally used inschools. Traditionally, the designers’ goal has beento get technology "adopted". The adoptionmetaphor is a one-way view of the route to integraluse. It assumes that a technology comes packagedto a community. Shortcomings are viewed asproblems with the adopters, not with the technology.A contrasting view is that technologies and otherartifacts are "appropriated" by people rather thanadopted [22]. In this view technologies come to beused by individuals and communities based on atwo-way process of "reciprocal evolution" [1]. Theuser and designer each interpret the utility of anartifact. The artifact is then subject to cycles ofiteration that reshape it based on the needs of thecommunity of users and the designer’s ongoinginventive responses to those needs.The CoVis design goal is to create a tool suiteshaped by a process of appropriation that includesthe use of participatory design methods for refining

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. Edelsonthe functionality and interface properties of newcyberspace applications coupled with intensiveprofessional development activities for teachers asco-designers. If we are successful, teachers willinnovate educational practices which are learner-centered. They will not see applications as simplybeing "delivered" to them for a prescribed use, butwill invent uses in their local contexts that we cannotforesee.Over the next three years, we are scaling theCoVis testbed to include over 50 schools andthousands of students, to become a NationalCollaboratory for Science Education. These schoolswill be diverse in terms of socioeconomic profile,geography, and in bandwidth connectivity to theInternet (from a base of 56Kb/sec to T-1 rate andbeyond). The primary challenge is to develop theCollaboratory such that it is appropriated intoteaching and learning practices, not simply"delivered" for use. In addition to the Collaboratoryitself we hope to evolve design principles that willassist others in the creation of collaboratories thatcan be appropriated by other communities ofpractice.Bibliography[1] C. L. Allen, "Reciprocal evolution: A designand research strategy for the development andintegration of basic research,. design, andstudies of work practices." In D. Schuler(Ed.), Participatory Design. Hillsdale, NJ:Erlbaum Associates, 1992.[2] Bellcore Information Networking ResearchLaboratory, "The Touring Machine System,"Communications of the ACM, 36(1), 68-77,January 1993.[3] K.W. Brodie, L. A. Carpenter, R.A.Earnshaw, J. R. Gallop, R.J. Hubbold, A.M.Mumford, C.D. Osland and P. Quarendon.Scientific visualization. Berlin, Germany:Springer-Verlag, 1992.[4] L. Cuban, Teachers and machines: Theclassroom use of technology since 1920.New York: Teachers College Press, 1986.[5] D. C. Edelson, and D. K. O’Neill (1994). TheCoVis Collaboratory Notebook: Supportingcollaborative scientific inquiry. In A. Best(Ed.), Proceedings of The 1994 NationalEducational Computing Conference (pp. 146-152). Eugene, OR: International Society forTechnology in Education, 1994.[6] D.C. Edelson, D. K. O’Neill, L.M. Gomez,and L. M. D’Amico. "Supporting Inquiry andCollaboration with the CollaboratoryNotebook: An Analysis of Use," In reviewfor CSCL, 1995.[7] D. C. Edelson, R. D. Pea, R. D. and L.Gomez, "Constructivism in thecollaboratory," In B. G. Wilson (Ed.),Constructivist learning environments: Casestudies in instructional design. EnglewoodCliffs, NJ: Educational TechnologyPublications, June, 1995.[8] R. S. Fish, R. E. Kraut, R. W. Root, and R.E. Rice, "Video as a technology for informalcommunication. Communications of theACM," 48-61, January, 1993.[9] B. Fishman, B.and L. D�Amico, "Which waywill the wind blow? Networked computertools for studying the weather." In T.Ottmann & I. Tomek (Eds.), EducationalMultimedia and Hypermedia, 1994:Proceeedings of Ed-Media’94 (pp. 209-216).Charlottesville, VA: AACE, 1994.[10]L. M.Gomez, B. Fishman, and J. Polman,"Media spaces and their application in K-12and college learning communities,"Proceedings of the 1994 Conference onComputer-Human Interaction (Companion)(pp. 185-186). New York: ACM Press, April1994.[11]L. M. Gomez, D. Gordin, R. D. Pea, and B.Fishman, " K-12 and the World Wide Web.Submitted to J. Computer-MediatedCommunication," Paper presented at the 2ndInternational Conference on the World WideWeb, Chicago, IL, October 1994.[12]D. Gordin, D. Edelson, and R. D. Pea, "TheGreenhouse Effect Visualizer: A tool for thescience classroom," Proceedings of theFourth American Meteorological SocietyEducation Symposium, January 1995.[13]D. Gordin, J. Polman, and R. D. Pea, "TheClimate Visualizer: Sense-making throughscientific visualization," Journal of ScienceEducation and Technology, 3, 203-226, 1994.[14]D. Gordin, and R. D. Pea, "Prospects forscientific visualization as an educationaltechnology," Journal of the LearningSciences, in press.[15]J. Hawkins, and R. D. Pea, "Tools forbridging everyday and scientific thinking,"Journal for Research in Science Teaching,24(4), 291-307, 1987.[16]J. Lederberg, and K. Uncapher (Co-Chairs),Towards a National Collaboratory: Report ofan Invitational Workshop at the RockefellerUniversity, March 17-18, 1989. WashingtonDC: NSF Directorate for Computer andInformation Science, 1989.[17]M. C. Linn, N. B. Songer, and B. Eylon,"Shifts and convergences in science learningand instruction," To appear in Handbook ofeducational psychology, D. Berliner & R.Calfee (Eds.), New York: Macmillan, 1995.[18]B. Means (Ed.). Technology and educationreform: The reality behind the promise. SanFrancisco, CA: Jossey Bass, 1994.[19]D. A. Norman and S. W. Draper (Eds.). User-centered system design: New perspectives on

Scienee Education and CyberspaceProc. INET ’95R.D. Pea, L.M. Gomez & D.C. Edelsonhuman-computer interaction. Hillsdale, NJ:Erlbaum Associates, 1986.[20]D. K. O�Neill, and L. M. Gomez, "TheCollaboratory Notebook: A DistributedKnowledge-Building Environment for ProjectLearning," Proceedings of ED-MEDIA 94,Vancouver, Canada, 1994.[21]D. K. O’Neill, D. C. Edelson, L. M. Gomez,L. D’Amico, and R. D. Pea, "Weavingcollaborative writing tools into classroompractice: A case study of early CollaboratoryNotebook use" In review for CSCL 1995.[22]R. D. Pea, "Augmenting the discourse oflearning with computer-based learningenvironments," In E. de Corte, M. Linn, andL. Verschaffel (Eds.), Computer-basedlearning environments and problem-solving(NATO Series, subseries F: Computer andSystem Sciences). New York: Springer-Verlag GmbH (pp. 313-343), 1992.[23]R. D. Pea, "The Collaborative VisualizationProject," Communications of the ACM,36(5), 60-63, 1993.[24]R. D. Pea, "Seeing what we build together:Distributed multimedia learning environmentsfor transformative communications," Journalof the Learning Sciences, 3(3), 283-298,1994.[25]R. D. Pea, and L. Gomez , "Distributedmultimedia learning environments: Why andhow?" Interactive Learning Environments,2(2), 73-109, 1992.[26]M. Ramamurthy, R. Wilhelmson, S. Hall, M.Sridhar, and J. Kemp, "Networkedmultimedia systems and collaborativevisualization," In Proceedings of the ThirdSymposium on Education, 74th AnnualMeeting of the American MeteorologicalSociety (pp. J30-J33). Nashville, TN:American Meteorological Society, January1994.[27]R. Ruopp, S. Gal, B. Drayton, and M. Pfister.LabNet: Toward a community of practice.Hillsdale, NJ: Erlbaum, 1993.[28]K. Tobin (Ed.). The practice ofconstructivism in science education.Washington, DC: AAAS Press, 1993.[29]U.S. Office of Technology Assessment,Power On! New tools for teaching andlearning. Washington, DC, 1987.[30]R. Wolff, and L. Yaeger, Visualization ofnatural phenomena. Includes CD-ROM. NewYork: Springer-Verlag, 1993.Author informationRoy Pea is John Evans Professor of Educationand the Learning Sciences, and Dean of the Schoolof Education and Social Policy, NorthwesternUniversity, Evanston, Illinois. His work as acognitive scientist seeks to integrate theory,research, and the design of effective learningenvironments for science, programming, andmultimedia computing.Louis Gomez is Associate Professor of Educationand Computer Science at Northwestern Universityand studies human-computer interaction, networkedlearning environments, and shared computer-basedwork spaces.Danny Edelson is Assistant Professor ofEducation and Computer Science at NorthwesternUniversity. He specializes in design of computer-based and collaborative learning environments.Theauthors address is the School of Education &Social Policy, 2115 N. Campus Drive,Northwestern University, Evanston IL 60208 USA.

1 Funded by National Science Foundation Grants#MDR-9253462 and #MDR-9454729, Illinois Board ofHigher Education Eisenhower grant; and our industrialpartners Ameritech and Bellcore. We are also grateful forhardware and/or software contributions by Aldus, AppleComputer, Farallon Computing, Sony Corporation,Spyglass, and Sun Microsystems. For additionalinformation, check the World Wide Web addresshttp://www.covis.nwu.edu.