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Abstract: This paper describes avork-in-progress: a
computerized learning environment for teachithg conceptual
patterns of scientific reasoning. BROCA (Basic Research,
Observations, Critical Analysis) is theory-drivemgmbining two
very powerful conceptual models of thinking. The first -- drawn
from cognitive psychology and information theory -- focuses on the
mental manipulations by which data becomes information and
information becomes knowledge. The second theoretical construct
comes from rhetoricand describes the intellectual activities
carried out in prewriting, drafting, and revision by an expert
writing. As an interactive “cognitive tool,BROCA provides
scaffolding (through visual algorithn@nd adaptive prompting) to
help a fledgling thinker practicéhe robust patterns of scientific
reasoning.

Categories Computers and Education; Computer Uses in
Education

1. Introduction

The writtenword is crucial to science for at leasto compelling reasonings. First,
the texts ofscience --publicationshat report findings -- are théfe blood of
progress for a community of researchénsaming aquestion of interest, designing
an experiment, collecting datnd observations, analyzinthe raw findings, and
interpreting results in light dheory --all these demanding tasks are tirecess of
science, but the written work provides the vehicle for dissemination of the product.

Second, writing is important tgcience becausthe act of placing ideas into
language mediates higher-order intellectual activitieat are foundational to
scientific thinking [Kuhn, Amsel, & O'Loughlin, 1988]. Though othesymbol
systems play amajor role in scientific reasoning, languadesters mental
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manipulations such as synthesis, analysis, classification, inferencing, definition,
hierarchical order, comparison/contrast, elaboration/extenSlome ofthe most
respected of twentieth-century educational theorists have endtrisedotion of
writing as a heuristidor learning andfor understandingVygotsky [Vygotsky,
1962], Luria [Luria & Yudovich, 1971Jand Bruner [Brunerl971], to namenly a

few, have pointed out that higher cognitive functions seem to develop mosirflylly
with the support of verbal language -- particularly, of written language.

In broad terms, therocess of scientific inquirmirrors the writingprocess. Both
the scientisand the writer go through an initial gathering and sortingof ideas,
from which tenuous though testable explanatory notamesmadghypotheses for
the scientistand thesis statements fahe writer). Afterconsiderabldrials, sound
relationshipsbetween entities arefound (experimentation fothe scientist and
drafting for the writer) and a supportable beliefstructure emerges. Continued
scrutiny (replication in sciencandrevision in writing) results irknowledge -- an
artifact that cartake its place in thdody of received opinion. Because ofthis
similarity of intellectual activities, writing can heésed as an analog for scientific
thinking.

Much of today's educational reform ihe United Statedocuses ondeclining
competency in mathematics and science. Of particular concern is the drop in abilities
labeled "scientific reasoningdnd "scientific literacy." A nationalconsensus has
emergedthat education in these subjectaust be renewedind improved. In
particular, advocates for change call for innovations that:

* Incorporate findings from basic cognitive research to build a "modern"
pedagogy.

» Integrate the various performative skills foundational to science, rather than
isolating them in artificial subsets.

* Teach the process as much as the product of science.

* Include advanced computer-mediated educational technologies for instruction.

« Accommodate individual differences in learning styles, gender, and
background.

» Make the concepts of science accessible through a naturalistic curriculum and
authentic exercises, guided-inductive learning, and cognitive apprenticeship
models of instruction.

We propose amultimedia, interactive learning environmettitat weds forms of
scientific inquiry to forms of scientific discours@ROCA (Basic Research,
Observation,and Critical Analysis) is an end-to-end knowledge development
environment thatmediates the intellectual activities implicit in scientiffinking.
Our claims are that BROCA will:

* Increase competence, creativity, and confidence in formal reasoning.
Promote and sustain interest in scientific investigation.
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» Engage the user and transfer powerful strategies for problem-solving.
»  Bridge the gap between process (thinking) and product (writing).
* Improve quality of writing by improving quality of thinking.

As currently conceivedthe system isintended for professionals-in-training in
disciplines concerned with brain reseamhd clinical outcomes. An immediate
market consists ofolleges, universitiesand researclaboratories/institutes where
BROCA could be fielded astand-alone trainingechnology. With some re-
engineering, an"empty engine" version ofBROCA could bemarketed as a
productivity tool to all segments where knowledgeworkers require concept processors
as replacements for word processors.

2. Background and Technical Approach

Until recently, philosophers provided much tbfe explanatorytheory for what
constitutes scientifichinking. Within the pasfew decades, howeveincreasing
research by botpsychologistsand science educatoiisasgiven us a more distinct
working model ofthe processeand mechanisms by which scientific reasoning take
place. InheldeandPiaget [Inhelder & Piaget, 1958] characterize scientifinking
as "combinatorial cognition." In other words, scienttfiinking consists of second
order mentations, or "operations on operations" insthesethat thescientistuses
reflection (second order mentation) to extract additiomeéning from theproducts
of first order mentation such as classificatiand relation. Newell and Simon
[Newell & Simon, 1972] propos¢hat scientific thinking be characterized as a
process of searcthrough a problem space, whose complexitynsmnaged by the
setting of goalsand byinvoking a collection of heuristics fqrartitioning the task
into sub-"spaces" whicltan then be examined througlowerful and productive
strategies. HollandHolyoak, Nisbett,and ThagardHolland, Holyoak, Nisbett, &
Thagard, 1986] explain the making of meaningérence as a process of induction.
The model these authors describe is essentially a produstisitmmade up of
condition-action rules. They account for contextualitytheir model of inductive
reasoning agollows: associationspatterns, regularities ar@served,and on the
basis of expectations or concepts abouganization in the domain, aew,
potentially superordinate concept is formed. Additionally, these reseawmudimit
the importance o$elf-consciousness or metacognitionibgluding a discussion of
the "model of the model." Suchobust theories have been extendeth a new
pedagogywhich insiststhat science educators ought to beaching methods of
scientific thinking rather than merelgcientific knowledge or concepts [Lawson,
1983].

2.1 Foundations in Theory
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We basethe design oBROCA on twoexplanatory models: one from information
scienceandone from cognitive science's finding on discourse strategies. We do not
intend our resultarttybrid model to be reductive or prescriptive. Ratherseethis
“cognitive tool" [Salomon, 1993], [Salomon, 1988], [Salomd®erkins, &
Globerson, 1991] as an enabling prosthetic to help scientists-in-training recognize
and take control of demanding intellectual processes.

Our firstmodel comes fronthe general premisihat there is gualitative difference
betweendata, information, and knowledge Data are discrete entities, such as
facts. While abody of data assembled for a specific purpose undoubtedly has
relationships among the elements, these patterns of meaning must be extracted
through an examination of theetand a filteringout of extraneous pieces. The
systematic processing afata produces information, or statements about the
associations in théata. Information is aodification and aclarification of the
connections in datathat produces more compacand easily remembered
interpretative statements. A synthesis of information builelgef structures more
comprehensive and more resilient than those contained in information.

Thus, knowledge is more powerfulthan information in that it hagpredictive or
explanatory value. In other wordknowledge structurebecomeboth the product
and the continuingmpetus for such intellectual activities as exercising judgment
and making rationatlecisions. These differences and more importantly, the
transformations thatke place when moving up the ladder of abstracti@are-the
foundations ohumanmemoryand thinking.Moreover,this hierarchicamodel of
knowledge evolution isentral to many of the emerging applfeelds coming out of
the cognitive sciences.

Our secondnodel comes fronthe cognitive science researafto the importance of
strategy acquisition fathinking and writing. Generalized models gfoodthinking
include an array of techniques (strategies) for accomplishing doalajedge about
whenand how these techniques should be used (metacognitioia),anextensive,
task-specific knowledge bagbat is used in conjunction witlthe strategic and
metacognitive processes [McCormidWiller, & Pressley, 1989]. Realizatiaimat
goodthinkers have a repertoire pfoblem-solving behaviors for various types of
tasks launched a new pedagogy for strategy acquisition.

Strategies ar@owerful manipulations by which thproblem-solver (1) defines the
task andmakes analogs to other similar situations, (2) pruamsay extraneous
elements or eliminates "noise" from tharoblem space, (3) mediates state
transformations, such as clusterigigecificsand makingsuperordinate categories,
and (4) links new knowledge with prior knowledge.

Figure 1 illustratesiow we have conjoinethe two modelsand usedthe process of
scientific reasoning merged with the strategiegistourse to create a cognitive
architecture by whiclBROCA melds scientific reasoning with the rhetoric of
science. Basically, wspecifythe problem spacefdata, informationknowledge) as
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arenasfor exercising scientificthinking and thestate transitions asliscourse
manipulations necessary to create a tangible, codified "belief structure" which will be
passed uphe ladder of abstraction asvalue-added artifact to be operated upon in
the next higher-level workspace
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Written Artifact

1+
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Eelief Btactore

13

Scientific Process of
Reasoning ’ Knovl":’dge ‘ Dizconrse
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Figure 1: Theoretical Foundations of BROCA

We have modeledthe process asthree problem-spaces(data, information,
knowledge)and threestate transitions (prewriting, writing, revision). Manipulations
within each of theproblem-spaces requires itsvn specific set oheuristics. For
example, within the datavorkspacethe thinker isbasically examining evidence
against a set of goals or expectatioriBhis guided explorationvolves a set of
procedures or rules-of-thumb by whittie thinkersorts out the noise from the data.
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Methods guidinghe exploration are an establistest of principleghat the thinker
has learned, either formally or informally.

2.2 Extending Theory into Instructional Design

Extending apsychological theorynto an effective pedagogical enactment usually
proves difficult. Though models help to identifine components dhinking, the
process is1ot linear and teaching is not sisnple as providing instruction for each
component and then putting the parts together. At the heart of the matter seems to be
a kind of paradox. Accomplished problem-solvers in any domain demonstrate
considerable finesse ihigher-order intellectual activities: criticahinking as a
precursor to knowledge; judgment the foundatiorfor decisionmaking; andself-
confidence as the initiator of self-monitoring. Unfortunately, novice problem-solvers
are so overwhelmed by the heavy demands of the process that they @aldbia to
exhibit -- even on a rudimentary level -- thésgher-order activities. Thushey

are precludedrom working with thevery same cognitiorthat would makethem
better at their task.

How canpowerful strategies beught without divorcing therfrom the context in
which they naturally appear? David N. Perkins [Perkins, 1986] extracts the notion of
the "thinkingframes" from the more abstrapbgnitive construct of schema-driven
strategy development [NormamGentner, & Stevens, 1976]. Perkimdfers the
following definition:

. . . [A] representation intended to guide the process of thought, supporting,
organizing, and catalyzing that proces¥his representatioomay be verbal,
imagistic, even kinesthetidWhen well-practiced, it need not lm®nscious. A
thinking frame, in order to organize our thinkinggcludes information nobnly
about how to proceed but when to proceed in that way (p. 7, italics in the original).

In practice, thinkingrames occur in a number of different domaifkeir form
spans a gamut from simple (bpbwerful) mnemonic devices faxtending the
working memory torich mentalmodelsthat fosterexpert behaviors by invoking
appropriate strategies, conservingdallocating mental energieand orchestrating
steps in staged problem-solving techniqueghinrealm oforoblem representation,
John Hayes [Hayes, 1981] notes the utility of simple visualizations (such as matrices)
to delimit theproblem spacand tofacilitate "search" in a complex situation. For
example, JonedAmiran, and KatimgJones,Amiran, & Katims,1985] foundthat
using a grid toencourage name-and-attribute clustering aided in recall and
systematically produced effectiv@mpare-and-contragype essays in a study of
youngadults. The rictbody ofresearch into mentahodelsand instructionatlesign
[Gentner & Stevens, 1983] [Kieras, 1988] suggéktt highly-complex, multi-
dimensional intellectual activities can be represented so as to helpvice activate
andamplify specific expert strategies. For examf@entner and Gentnéoundthat
the types of thinking people could do about electrical circuits depended okinthat
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of analogy (teeming crowds or flowing water) was useepresent theystemand -
- consequently -- the inferences these metaphors enabled [Gentner & Gentner, 1983].

Research indicatethat teachingstrategies isolated frortheir context does not
produceenduring results [Garner, 1987]. Whanieded is an instructionaystem
that serves as a procedural facilitatdhis term isused byVygotsky [Vygotsky,
1962] to explain theognitive mentoringand developmental dynamidhat occur
betweenmaster andapprenticeand between peerduring collaboration. Salomon,
Globerson, and Guterman[Salomon, Globerson, & Guterman, 1989] and
Zellermayer, Salomon, Globerson, Givon [Zellermayer, Salomon, Globerson, &
Givon, 1991] use the term to suggest that computer technology can semparawea
for the fledgling studentnd provide the scaffolding that allows the novice to
practice the moreobust problem-solving behaviors of an expert. In brief, such a
procedural facilitator for scientific reasoning would:

e Ease demands on short-term memamg help tdocusattention on strategically
important aspects of the task.

e Guide the inculcation and self-initiation of higher-order processes
(metacognition) which the novice is unlikely to activate without prompting.

» Explicitly model strategic intellectual processedisat the learneavoids what
Collins & Gentner [Collins & Gentner, 1980] have termed "downsliding," or
becoming increasingly entangled lmwer and lower levels ofmental actions,
finally concentratingall attention orsurface featureand trivial aspects of the
task to the exclusion of larger concerns in the process.

* Mediate transitions from abstract thoughts sggmbolic representations. For
example, in the domain of writing, Smith & Lansman [Smith & Lansman,
1989] conceptualize composition as an actittitgt takes place in thremodes:
thinking, organizing, and adapting. Eachode has its own set of goals,
processesand constraints. What ieeeded, according to these researchers, is a
set of visual workspacdhat help thenovicewriter to move gracefullythrough
the various state-transitions inherent in moving from thoughts to finished text.

» Provide embedded strategic modelsHigher-order cognitive activities (such as
discerning patterns ibodies ofinformation, decision-making, staged problem
solving, analysis, synthesis, and inferencing).

Pea [Pea, 1985], Perkins [Perkins, 19&8jd Salomon,et al [Salomon, 1993],
[Salomon, Perkins, & Globerson, 1991], [Salomon, 1988] make a compeds®
thatsome types of computapplications nobnly facilitate atask's accomplishment
but also help the user to internalize profound stratdgielater performance of the
same or similar tasks.

Pea [Pea, 1985] makes a distinctlmrtween "amplification'and "reorganization"

in examining theeffects of cognitivdechnologies. Defining "cognitiveechnology"

as " . . . any mediunthat helps transcend the limitations of the mind, such as
memory, in activities ofhinking, learning, angroblem solving" (p.168), Pea notes
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that a child carextendher short-terrmemorywith paper andoencil by writing
down a longlist of words. The short-termmemory is amplified inthis single
instance, but the child's mentapacityhas notbeen improved or altered -- unless
the paper angencilsomehowprompt the child to "chunk" th&ords in more easily
processed clusters. Ishort, cognitivetools that have been carefully designed to
move beyondnere conveniences teach strategiesniental activitiesand -- rather
than deskilling -- leave their users better off for having engaged the tool.

Pea usethe electronic spreadsheet as " . . . an illustration of comfmai@nologies

that can reorganize, and noteraly amplify, mental functioning . . ." (p. 170);
therefore, examining theognitive design features provides us with a point of
departure. First, thislectronic representation recaptural the features and
functionality of the paper ledger sheet. A two-dimensional array dispkeggories

and attributes, creating individual celfer the placement of data. Even this static
ordering enables various forms of complex intellectual activity -- such as inferencing
and categorical reasoning.

Placing this representation glectronic form adds new dimensions: ntve user
candynamically manipulatelata in each celind watch the impact of change on
other elements of theystem.This, contends Pea, changes linel of engagement
betweenthe material and the uselnstead of merely entering data, the user is
empowered to perforrfinancial modeling, forecastingnd otherforms of systemic
thinking. Recent empiricatudies support Pea's claittet using thdool elevates
the user's understanding of domain constructsways that both endure and
generalize, even without the presence of the tool.

Our second example, the abacus, demonstrhtes a non-western,non-
computerized devicean mediatecognitive reorganization. Milleand Stigler
[Miller & Stigler, 1991] studied abacus use as a example of research questions
inherent in avhole category ofrepresentationaystems.The abacushasutility in
that one uses it to complete specific, well-definethematical manipulations.
However, in mastering thedevice, one als@ains insights into theonceptual
dimensions of the domain. In orstudy, students whbad reached a level of
proficiency with the abacusare also better able to answer sophisticated questions
about number theorthan aset of matched controdho had noexposure to the
abacusWithin a wider context, theabacus as cognition reorganizsauld lead to
guestions of minimalismHow small andsimple can aevice beand still leave a
"cognitive residue" by reorganizingental abilities?Abacus studies shothateven
within the non-computer examplesases exist of a simple but eloquésaching
device not only having a pragmatic result but also a conceptual effect.

As a cognitive tool, BROCA encouragés users tanove fromexploration to final
report in a multimedia environment where scaffoldamgl visual algorithmsgently

guide the thinker through multi-staged intellectuactivities. The software

encourages the user to engagepowerful strategieghat foster guided-inductive
thinking and ensure mindful engagement in the task.
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2.3 Extending Instructional Design into Software

The rhetoric taskmodeled by BROCA involves a type ofriting familiar to
managers, investigative reporters, enginesmgresearchers. In issue-baseudting,
sourceinputs (text, graphics, numbersgcomethe raw materials irtomposing a
position paper, an evaluative summary, an interpretive resp&ROCA is a
comprehensive, integrated environment providing cognitive support for professionals
or professionals-in-trainingvho create complex documents @t of theirjob. It
differs from many other computer-aidediting tools in that it is anend-to-end
development tool. It assisthe writer throughout th@rocess, from generation of
ideas to production of connected prose.

As indicated by Figure 2BROCA usesBereiter & Scardamalia's [Bereiter &
Scardamalia, 1987] notion of a dual problem-space mfmlelriting: a content
space (essentiallgummarizing, analyzing, argynthesizing information about the
topic) and a rhetoricspace (essentiallyplanning and organizing the domain
information into alogically and stylistically appropriate formal text artifact). Six
distinct cognition enhancers work in tandem to mediate the multi-staged process.

Data Information— Enowledge——
Content Space Rhetoric Space
11
Cluster Eunce?t Info Planning Organize Revision
Browser Synthsis Threader i Heuristics
: Fartems
& af .
E. Logic (:EEI'D

2. . ‘

NAVAVAVAVAY

Object-Oriented Database Creates Modified "Yiew"™ with Each Phase

Figure 2: Six Cognition Facilitators of BROCA

The tools vary intheir nature and can beughly classified by placinghem on a
continuum showinghow they mediatethe knowledge development process. In
general, the sixools operate in a fashion analogous to a databss®agement
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system (DBMS)Each of the six environments permits the user to call up materials
from the object-oriented, multimedia databasied manipulateextend, or connect
entities in response to the adaptive instruction and cognition facilitators embedded in
the workspaceThe movement is sequentitirough the sixools;thus, gains made

in one environmenare consolidatedand enriched in the nextorkspace. The
following segments briefly descritibe types ofintellectual activitiesand thevisual
representations contained in each tool.

ClusterBrowser Based on a hypertext platfornthis tool encouragethe early
exploration of abody of data. The user examines tlegidenceand constructs
preliminary evaluations or carries out additional analgsid calculation.Thinking
frames and adaptive instruction mediatievo powerful categories ahtellectual
activities: (1) transforming data structures (convertivgrbal structures to
numerical; numerical to graphic, and thiee) and (2) working with semantic
networks (constructing a rudimentary set of relationships among the various data
in the workspace).

The resultantbelief structure" is a hyperweb, consisting listks between various
segments of the data, annotatidmispreliminary interpretationsand link-types to
indicate the nature of the relationshimalogous to the convention bfiew" in

DBMS, this component helps the writer to sort @piecific concepts in a collection

of elemental inputs. At the resultant concept browser map, the user can click on any
buttonand be takeulirectly tothe linked statement in situ at tekeurcematerials or

can navigate through the set of nodes and links.

Concept SynthesisContinuing with the non-linear representataveloped in the
Cluster Browser, this tool fosters more comprehensivand interpretive
manipulations. Thisexercise aims to consolidate ideas arowedhtral concepts
extracted from theourcedata. The user is guided througkercises in observation,
elaborationand consolidation. The result is a set of notecards -- actgallg in a
relational database that codify, extend, and/or arbitrate among the varisaarce
inputs. Thisworkspace also serves adinstorming session ithat the writer is
encouraged to try out various permutations and elaborations on the core concepts.

While these aids foster exploration, they afsous the author's thinking. It is
especiallyimportant to noté¢hateven atthis relatively early stage ithe "making of
meaning," the writer can perfortavo powerful operations. She careturn to the
cluster browser at any given timmadreviewexisting concept maps or construct new
ones --thusviewing the problem space from kigh level of abstractionOr, she can
move down to anore specific level tananipulate a set of notecardéot only can
the writer sorandfilter the cards, she cary out different orderingandsave each
“trial run" as a separate file.

Information Threader After a reasonable period of working with the Cluster

Browserand itscomplement, th&€Concept Synthesizethe writer may start tofeel
overwhelmed byhe sheer amount ¢fiews" (concepmmaps)and elaborations (files
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of notecards) generated. The Information Threader begins the scypticess for
the final knowledge structure by coachinge writer tosee potential patterns of
meaning and to draw inferences from them.

The writerselects a categorical concepatseems to be of major importance in the
belief structure constructed in thevo previousphases. Prompts aid the writer to
perform mental operations such as "comparisamd "contrast” or "inclusion" and
"exclusion" in order to formulate an "issues" statement refledtiegconcerns of
these information clusters. Modeling the notiomagic inquiry this exercise leads
the writer to conflate -- usingthe dimensions of similarityand difference
(comparisorand contrast) as pruning criteria. The result isadlection of possible
hypotheses, explanatory statements, implicatiand/or inferences (which will -- in
turn -- become thesis and/or topic statements for the text presentation).

Hierarchical Planning The Hierarchical Planner marks a major transition in the
process modeled ithe BROCA. It is a nexus atvhich the information structures
woven in the "thinking and threading" segment must be reconceptualized to meet the
requisites of linear text. SmitiWeiss, & FergusorSmith, Weiss, & Ferguson,
1987] discussthis change as a transitidnom a semantic nefessentially 3-D
abstract structure) to a hierarchical outline (essentially 2-D concrete representation).
This segment helps the writer to make this all-important tranditoon an implicit
mental model to an explicit cultural artifact for a community of scientific scholars.

Though algorithms exisfor transferring semantic nets into tree structures, a
formalism which simply collapsdaie contenanddiveststhe context from thenany
complex judgmentsand intricatedecisions may be todham-handed"for this
application.BROCA uses aruning algorithm to interpret thgredicate expressions
of the web. For example, if, in weavintghe hypertextveb of interconnections, the
user hasposted a "position" (a workingnterpretation) and has attached two
arguments against the interpretation, linked by "refutes," the éntigfutes (A1,
A2) might indicate a pro ¢on rhetoric strategy is emerging tims linked cluster.
The resultant "outline" is therefore richer in meartimgnsimply conflatingthe web
into a topical outline.

Organization Mapping After exploring thesubjectdomain (thesourcedata) and
working out a richly interconnected belisfructure drawn from these explorations,
the writer must shift her attention to constructing a textual artifactrtbats a set of
external constraints argbcial expectations. Kopperschmidt [Kopperschmidt, 1985]
characterizes this transition aswitch from cognitive macro structures to rhetoric
micro structures. Similar to the drafting stage of writing, Organization Mapping
helps the writer tdocusmore intensely on the requisites of the logical fama the
conventions of scientific discourse.

Rhetoric and discourse studies have produced fairly detailed descriptions of the

logical forms used in blocks ¢éxt (e.g., causal analysis, classification, comparison,
definition, description, narratiorand thelike). The writer works not only with
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organizational featuresnd with expressionand stylistics but also with such
situation-specific concerns as audience analysis and purpose.

Revision Heuristics The difference between copy-editingnd revision is easily
characterized.Revision usually refers to more substantighanges, such as
improving style,adding to or subtracting from the contergarranging parts, or
completely writing. These more global, deep-structured revision activities are
associated with higher-order cognitive skills (discernimatterns inbodies of
information, exercising judgment, analysis, synthesisd other metacognitive
activities). Heuristic Revision comprises a suitethofiking frames for improving
both coherencand expression. These heuristics are strategic (encouraging a re-
thinking of high-levelissues, such as purpose, point-of-view, audience analysis,
voice, focus,and form) and tactical (including techniques of elaboration, such as
level of detail, examples, support, flow, and balance).

BROCA uses a hybrigaradigmfor interactive guidancePart of theadvice comes
from adaptive tutoring using traditional Al formalisrasd part of the mediating
comes fromthe powers of reification(or representing complexrocesses as
manipulable objects onthe computer screen). Each of the shools" (1)
accommodates deficienciesnd thereby reduces frustration fdhe novice, (2)
emulates some ofhe crucial functionality of traditional data structures and
information forms, (3) enhances the environmamd thereby sustains motivation,
and (4) models robust expert behaviors.

2.4 Instructional Design and Cognitive Architecture
While each of the siXtools" concentrates on a specific clustemadntal activities,
all six have a unified method for deliveriris layered instructiorand acanonical

architecture for the softwasndfor the interfaces. Figure gives an overview of the
instructional framework and sequence of actions that structures each of the six tools.
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Figure 3: System Overview of Hybrid Tutoring Capabilities

Area 1 -- Goal Setting and Planningsoodthinking is mediated by having both a
goal (desired outcomend a plan (means atcomplishment). In multi-dimensional
thinking, having an explicitstable set of expectations fosterkiad of filtering
activity that focusesthe task from the outset. Each of the cognition facilitators
handles the concretizing of goals in a slightly differar@nner; presentation and
manipulation is appropriate to the phase ofgtacess. Not only dodkis exercise
help the novice focus on problemepresentationand sequence definitionthis
preliminary work "sets'the parameters of the adaptive tutor. Estmh nowhas a
"frame" or backplane of conditions against which further actions cavdleated
during the remainder of thsession orthe tool. At this point, eachtool tracks
approximately 50 conditions. Clearly, the repertoiradh, andbecomes evericher

as these preliminary combinations are supplemented with additional datapoints
drawn from the user's subsequent activities in the microworld.

Area 2 -- Microworlds and Visual AlgorithmsThe secondvay in which BROCA
teaches is similar to theognitive "ecologies” advocated by Seym®&apert [Papert,
1980] and his. OGO worlds, wherehe child learner can practipeofound concepts

in familiar, manageable forms. (For example, Papert's "turtle logic" ertaklesild

to learn theconventions of programming by moving a cursor-turtle as an analog for
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such relatively sophisticated manipulations as inclusiod exclusion.) Where
possible, the interfaces ofBROCA represent visual organizers fapecific
intellectual processes.

Like an adult version of "turtle logicBROCA tokenizesnental manipulations and
placesthe resultant visualizations in a constrained context so awottel the
elaborations, state transitioresnd reconfigurations of knowledge structuresing
place in theproblem spaces. Useisteract with the computerized environment in
rich but highly definedvays.The microworld mediatethinking by makingchoices
explicit, by helping to manage thmgnitive load,and byencouraging reflection
during the thinking/writingprocess. Inshort, BROCA instantiates a "visual
nomenclature" for reasonimghose componentbecomes synoptic overvievibat
trigger sophisticated intellectual activities such as formulating infereabeast
relationships, evoking strategies to facilitdtianking, and promptingnetacognition,
or self-regulation for deployingadapting, or abandoningets and subsets of
strategies based on awareness of the situation.

Area 3 -- Diagnosis and RepairReasoning is a complex activity analogous to a
contingency management problem. Even in scientific reasofingpme "fuzzy"
problems, only in workingthrough candidatesolutions doesthe nature of the
problem becomdixed, or even definablgKuhn, Amsel, & O'Loughlin, 1988].
Rather than working in a linear fashiongood thinkers use an opportunistic
approach. They constantly measthie emergingknowledge structuragainst a set

of expectations, while at the same time recognizing and capitalizing on serendipitous
gains,weaving these "discovered" possibilitigsgo a new rendition of theoverall

plan and product [Hayes-Roth & Hayes-Roth, 1979].

Unfortunately, reasoning fonovices is usuallyfrail and one-dimensional; such
impoverished capabilities do not lend themselves to interruptions or re-assessments.
As evidenced by Bereiteand Scardamalia's research into the writimgcess for
novices, littleevidencecan befoundthatweak writerscan participate irself-cueing

or self-monitoring activities while engaged in a production of text [Bereiter and
Scardamalia, 1987]. In fact, theery act of breaking out afheir one-dimensional,
stream-of-consciousness mode jeopardizes the continued production of text.

Diagnosis-and-Repair is an evaluation |ldbpt partners with the thinker teduce
the cognitive loadand thatencourages the student to enter into an strategy-driven
assessment episodEhis loop takes avery sophisticated, open-ended problem and
pares it down to a manageable set of optionghferinexperienced useBuccinctly,
this facilitator operates in tHellowing sequenceFirst, the usedetects a mismatch
betweerthe goalgher intentions) and then-going process afreatingknowledge.
As a response tthis dissonance, the usexquests help. Seconthe systembrings

up a list of potential strategies applicable to #pecific subtaskhe thinker is
working on.Third, selecting any one of thmiggested strategies brings ufpeused
workspace -- usually, thinking framethat mediates the subtask. By presenting a
limited set of optionsand by makinguggestiongrather thardictating) aboutvays
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to improve, thesystem both engagesd challenges the thinker at the appropriate
level.

Area 4 -- Adaptive Adviceln the metacognitive stage (diagnoaisd repair), the
machine partners with the userdevelopthe sensitivityandawareness necessary to
know what strategyvould work best in a given set of circumstances. Wetause
the diagnostic is performed by the user, there is a poteiotiah misjudgment.
Additionally, if the system is to serve as artelligent "guide" or "coach," thtools
should have #eedback loop tandicate the "reasonableness” of ttoaurse of action
the thinker is pursuing, basedlined against some known set of criteria.

Adaptive advice adjusts its statemehtsed on an "intelligent" assessment of the
situation -- meaning that the software compares the manipulation the user is working
on with the conditions of the franend determines how "correct”" these actions are
given the circumstances. The resultant prompting helps the uksrtothemore

subtle aspects @dapting to the requirements of the tabkey alsohelp the student

to stay onthe right track andavoid the frustration of pursuing a strategghose
results are later deemed to be inadequate to the task.

Forall the intelligenttools of BROCA, adaptiveelp is generated through a kind of
triangulation,based orthe task situation (the conditions set in the fraamed the
moves made by theproblem-solver inthe microworld or visualworkspace.
Monitoring the combination ofpecific task andplace in theproblem-solving
process creates a lookup table for accessing instructional statements.

Area 5 -- Just-in-Time-Tutoring While production skillsand metacognitive skills

are not interchangeable, they are correlated in that they must occur simultaneously in
expert behaviors. After diagnosing a problemd getting a repaistrategy, the
studentmay still be at aloss as to whethdhe result measures up poofessional
expectations. Recognizintpat users may needeminders of what a professional
"end-result" lookslike, we have embedded a set of models (extracts from
publications deemed examples of excellence). Relevant portions of these models
appear (appropriately correlated with the task the user is working on) with
commentary pointing out thepecificstrengths of the presentation. This instruction
(similar to a high-end form of context-sensitive help) is analogougotoaid in that

it gives a synoptic overview tifie end-result the user is aimifay. Its purpose is to

serve as aeminder or arefocusing prompt fothe userrather than &ull-blown
instructional component. Though imitation, the user can incorporate the methods of
the model into her own particular context and content.

2.5 System Overview
Commercial packages offerirtbe writer acollection of tools (such ahe analysis

routines in the Writer's Workbench) haveeen around for some time now.
Nevertheless, it is important to recognize that these tools are separate entities. While

585



the writer is free to pickndchooseamong them, thtoolsare not integrated nor are
they supported by Aihterpreters. In other wordgjork done with one toaloes not
translate seamlessly tothe "world" of anothertool. At a minimum, this is
inconvenient. More telling for a worker or a learner, gains in one stage of composing
are noteasily consolidatednd carriedorward to the next stage. In fact, tivelter

of detail generated bgome tools orheuristic routinesmay constitute a step
backwards becaudke writer has to deal with (1) tledgnitive overload of multiple
versions or even contradictory instanceshaf same thoughtand (2) a potentially
recurrent dis-integration of thoughts constructed while working with diffécsta

or heuristic devices.

Figure 4 illustrates thdayered"nature ofBROCA and shows howgains made in

one workspaceare passed on tdhe next. Thecomplete system offers several
"knowledge-weaving" paradigms, each designed to meet the requisites of a particular
category of cognitivaask and toexploit the talents represented by the particular
user.Becausdhe system is designed on a databpaesdigm, with eachew "view"
representing a value-added re-configuration of the data, it is possible to trace (via the
links) higher-level propositionandinferences back ttheir inception ofoundation

in the source data.
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Figure 4. Composite of BROCA's End-to-End Knowledge
Development

3. Teaching Scientific Thinking Skills

Scientific reasoning requirekat the thinkeobservephenomena, perform elemental
mental processing (e.g., detectimgd classifyingrecurrent patterns), and thdraw
conclusions or explanatiortirough higher-order cognition (e.g. inferencing and
interpretation and application of enumerative generalizations). Evidence
accumulating from the empiricaltudy of scientificreasoning suggesthat this
ability to interpret doesnot mapone-for-one on to discovergarning or native
curiosity. While these facetare surely part of the motivational dimensions of
human reasoning, the romanti@rsion of the scientismaking serendipitous
“discoveries” is hardlythe normfor this type of intellectual activity. Rather,
scientific reasoning -- as practiced by an experienced professiomalolves a
significant degree of awarenessd control of the interactiondbetween old
knowledge (awareness of the@mdexpectations) with new information (situational
observations). In shorthe expert havoth experientially derivednental models
and metacognitive self-regulation to invoke, abandon, or creatively combine these
problem-solving strategiesThis expertlevel ofinsight hasbeen built up over time
and is a direct result of guided practice and painstaking mentoring.

BROCA performsthe role of a mentor by mediating th@ocess of scientific
reasoning from beginning (data collection) to end (written report). Using
visualizations of what mighttherwise be opaqumental operations, thsoftware
guides the usethrough (1)collection/evaluation of evidence, (2) comparidgta
with theory, (3) formulatingnd testinchypotheses, (dinterpretation of results, (5)
validation through replication. Thesemplexmental activities take place within
the framework of a second multi-dimensional, staged cognitive taskat is,
producing an acceptable piece of scientific prose (journal article, lab report, scientific
journalism). Embeddedvithin this authentic task are thprofound acts of
understandingiecessary téransform observationisito prose, or tanove fromdata

to knowledge.

4. Summary and Conclusions

This papedescribeghe conceptual design BROCA, a computerizednvironment
to merge the “language” afcience withthe manipulationsobservations, and
calculations foundational to scientific reasoning. Inherent in the discusidhree
overarching assumptions abdhé desigranddevelopment of advanced educational
technologies. First, the design of automaggstemsshould be rooted in cognitive
scienceand educational theory. Advanced instructiortathnology holdsgreat
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promise; however, to trulynove beyondpale imitations of existing educational
media, designers must harvest ftiigh insights onhow humans think and learn
already established by cognitive psychology. Second, complex, multi-staged problem
solving (in this case, scientifithinking) is an amalgam ofisualandverbal symbol
usage. By concurrently performing the manipulative/observational tasks along with
the consolidative/interpretive tasks, the learner integrattls lowerand higher

level intellectual processes, as well as concestd abstract forms of mentation.
Third, highly sophisticated, interactiviearning environments agossible without
using thetypical intelligent tutoringsystem(ITS) approach of constructing a student
model, a domaiknowledgebaseand aninterpretive expert system. By employing
cognitive task analysis, the system designer can modpldbess ofthe domain and
embed adaptivéelp within the user’s performance of the task. Stodgnitive

tools” arejust emerging as serious competitorshte more traditional approaches to
adaptive pedagogy imteractive systems. We look forward to completing the
development,running field evaluations,and reporting on theeffectiveness of
BROCA.
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