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Abstract

Research has shown that technolegyanced visualizaths can improve inquiry
learning in science when they are designed to support knowledge integration.
Visualizations play anespecially important role in supporting science learning at
elementary and middle school levels because they can make unseen arex comp
processes visible. We identify four principles that can help designers and teachers
incorporate visualizations into curriculum materials. These principles call for : (a)
reducing visual complexity to help learners recognize salient information,afpldang

the process of generating explanations, (c) supporting stidgated modeling of
complex science, and (d) using multiple linked representations. We describe the
principles, discuss patterns combining the principles, and give examples frenal sev

science disciplines.



Research shows that technolegyyhanced visualizations have the potential to advance
learning in science disciplines such as physics (e.g., White & Frederiksen, 1998),
chemistry (e.g., Dori, Sasson, Kaberma&h Herscovitz, 2004), earth science (e.g.,
Edelson, Gorh, & Pea, 1999Kolodner et al., 2003), or biology (e.Reiser et al.,
2001). However, too often, visualizations fail to realize this potential (e.g. Morrison,
Tversky, & Bétrancourt, 2002). Elementdextbooksoftendiscourage interest in science

or provide experiments that lack coherengmérican Association for the Advancement

of Science 2002). To improve elementary science educatiomiculum developeraeed

to integratenew opportunities for student learningchuas visualizations and encourage
coherent understanding tay the groundwork for future learning (Roseman & Linn, in
press). Helping students visualize basic scientific processes such as food webs, electrical
circuits, or the rock cycle has great proenfsr elementary courses and takes advantage

of modern technologies.

This article synthesizes research showing how visualizations of scientific
phenomena can lead to integrated understanding. We define visualizations as any
interactive representation animation of a scientific process that permits students some
form of manipulation. Examples include opportunities for students to combine virtual
batteries and bulbs and to determine what closes the circuit as \salidasicontrolled
animations of heat dw where students select the material and observe the rate of heat
propagation.

We show the benefit of synthesizing design knowledge, in the form of design
features, design patterns, and design princigleshat curriculum designecanuse this

knowledge to develop effective visualizations. Thesearcksynthesis method captures a



growing body of knowledge in this field (Kali, 2006; Kali & Linn, in press; Linn &
Eylon, 2006). We discuss how this knowledge can guide designers and how designers can
contribute their experiences to a publicly accessible database of design principles.

Designknowledge is also important to teachemho play a crucial role in the
success of visualizations. Teachers can benefit from guidance about how to use
visualizations effetively. Design principles can make the ratiorthlat stands behind the
design of visualizations visible to teachers, helping them think about ways to support
learners and adapisualizationstomedt hei r cl assesd® needs (Davi s

We stat by describing our view of learning in science as a process of knowledge
integration (Bransford, Brown, & Cocking, 1999, Linn, 198Bin, Davis, & Bell, 2004,

Linn & Hsi, 2000). We use this lens to describe the learning enhanced by various types of

vislal i zati ons. We show how productive visual.i
(Linn, 2005) to promote understandjngnd how design knowledge is gathered in the

Design Principles Database (Kali, 2006) and becomes useful for designers.

To illustrate ow viewpoint, we describe four design principles that can guide
designers of technologgnhanced curriculum as well as teachers in generating and using
visualizations effectively. We descrilieaturesof successful technologies that employ
each of these degn principles and report research showing that these features have
helped elementary and middle school students establish a firm foundation for future
science learning. We discuss the importance of embedding visualizations in a full
curriculum to promoteoherent understanding by describing work on effective design

patterns.



Learning as Knowledge Integration

Science learning involves comparing, contrasting, and integrating disparate ideas
(Bransford et al., 1999 Linn, 1995; Linn et al, 2004;Linn & Hsi, 2000). Learners
spontaneously develop a repertoire of varied, often contradictory scientific ideas about
any topic as they interact with the natural world (Linn, 1995). Students come to science
class with this repertoire of multiple normative and 4nonmdive ideas that have
emerged from their experiences. In thermodynamics, for example, students may hold a
large group of ideas simultaneously. They may conclude that heat and temperature are the
same because the terms can be used interchangeably: "Tuna hugpat,” or "Turn up the
temperature.” Students may rely on tactile information to decide that objects in the same
room have different temperatures, concluding that metals are colder than wood at room
temperature. They may assert that metal has theyataliimpart cold and recommend

that people wrap picnifood in aluminum foil to prevent the growth of harmful bacteria.
They may decide that some materials form barriers and prevent heat flow. At the same
time, they may hold normative ideas and argue tieatt flows quickly through metal
because using a metal spoon to stir pasta on the stove can bueharsl. Knowledge
integration is the process of coalescing, critiquing, augmenting, and organizing this
repertoire of ideas.

To help students integeattheir repertoire of ideas, successful science
instruction should: (a) add powerful, durable, and generative examples to their repertoire
of ideas and (b) enable students to grapple with their full repertoire of ideas to form a
more coherent perspectioa the scientific domain. Technologymhanced materials that

make scientific thinking visible can play an important role in both processes.



Visualizations as Pivotal Cases

Technologyenhanced inquiry curricula can take advantage of powerful visualizations
make scientific thinking visible and improve learning outcorfigan, Lee, Tinker,

Husic, & Chiu, 2006). Tdmology features that contribute to knowledge integration have
been organized around four metaprinciples in the knowledge integration framé&wwork (

et al., 2004Linn & Hsi, 2000). These are: (a) help make thinking visible, (b) help make
the science accessible to students, (c) help learners learn from each other, and (d)
promote autonomous lifelong learning (Kali & Linn, in press).

In this article we focus on themake thinking visiblemetaprinciple. Scientific
animations and visualizations can make unseen and dynamic processes such as the
day/night cycle or plate tectonics visible. Students make their thinking visible, inspect
their own knowledgeintegration processes, and deliberately guide their learning
(Bransford et al., 1999; Collins, Brown, & Holum, 1991; Linn, 1995). Designers have
created and explored visualization tools that students can use to map their ideas and
externalize their thougbt Designers can also embed visualizations in inquiry
environments to make complex concepts and scientific phenomena visible and
understandable by young students.

Research has begun to capture the nature of visualizations that help students
compare and sbiout their own ideas. The knowledge integration framework refers to
successful, new additions to a student repertoire of ideas as pivotal cases (Linn, 2005).
Pivotal cases are defined as examples that (a) make a compelling, scientifically valid
comparisorbetween two situations, (b) draw on accessible, culturally relevant contexts,

such as everyday experiences, (c) provi de



develop criteria and monitor their progreasd(d) encourage students to create narrative
accounts of their ideas using precise vocabulary so they can discuss them with others
(Linn, 2005). In thisarticle we discuss how visualizations can serve as pivotal cases.
Other research programs have identified knowledge elements that are similastéd pi
cases. They call thebenchmark lessor(giSessa & Minstrell, 198), bridging analogies
(Clement, 1993)didactic object§Thompson, 2002), andrototypes(Songer & Linn,

1992). Adding the right ideas to the mix studemtéd has the ptential of dramatically
increasing the efficiency and effectiveness of instruction and visualizations offer a
promising opportunity (Linret al.,2006).

Not all visualizations serve as pivotal cases. Indeed, some visualizations can
confuse students rathéhan assist them. Morrison et al. (2002) studied the use of
animations and found that many of them do not improve learning, in part because they
overload learners rather than h#dpmsort out their ideas.

To illustrate the value of visualizations as qisd caseswe describe how an
animation callecheat bardielped students understand insulation and conduction (Foley,
2000; Lewis, 1996; Linn & Hsi, 2000). Heat bars allows learners to select among varied
materials of interest to them and to explore tite of heat flow. Responding to research
on student ideas, heat bars shows the variation in rate of heat flow, helping students
distinguish among materials and providing feedback that helps clarify ideas about
materials as barriersr views that heat flowvat a constant rate in all materials (Fiy

Heat bars meets all the critef@a a pivotal case (Linn, 2005).



To test the effectiveness of heat bars, Lefdi896) studied six classelgarning
thermodynamics in a single schpdialf used the heat bars simulation for about 30
minutes, and half used re@ine data collection. All classes were taught by the same
teacherLewis compared pre and posttest performance and fourgdfact for heat bars,
especially on questions about heat flow. On the delayed posttest adminGteests
later, students in the heat bars condition outperformed the comparison group.

To illustrate the importance of design decisions, we report on efforts to improve
heat bars. Foley (2000) wondered whether the pivotal case would be more successful if it
showed heat flow in color rather than black and white. He devised several versions, one
using the colors commonly found in a weather map and another using red fomdhot
blue for cold. He found that adding color reduced gffect of heat bars by confusing
students. The colors distracted students, making them think that heat could change color
rather than just flow from warmer to colder regions. Designers of climéiease report
similar problems in helping learners interpret weather m&mnder, 196). These
examples illustrate how difficult it is to design effective visualizations and show the
advantage of iterative refinement. The color version did not meetitegacof a pivotal

case because it was not accessible to learners.

Design Knowledge and the Design Principles Database

The example above illustrates the importance of understanding why visualizations
succeed or fail to promote learning. Such understgndinan example of a type of
knowledge referred to adesign knowledge knowledge about successes and failures of
using any curricular innovation in real classroom settings (Barab & Squire, 2004; Bell,

Hoadley & Linn, 2004; Collins, Joseph, & Bielaczy#)04; Design Based Research



Collective, 2003). Several frameworks were developed to synthesize design knowledge
and present it in formats that allow curriculum and technology designers to build on and
further develop this knowledge (e.errill, 2002; Ma & Winters, 2007 Quintana et
al., 2004; Reigeluth, 1999, van den Akker, 1999). In tmcle we build on the
knowledgeintegration frameworkwhich captures design knowledge frok® years of
researchl(inn et al., 2004Linn & Hsi, 2000). The design knvledge in this framework
is represented by the four metaprinciples mentioned above (make thinking visible, make
science accessible, help learners learn form each other, and promote autonomous lifelong
learning), andl4 principles that arenore narrowly feausedand thus more pragmatic
(called pragmatic principles), that describe and illustrate how to use the metaprinciples.
To make theknowledgeintegration framework more accessible and useful for

designers, a Design Principles Databad#tp(//www.desigrprinciples.ory was

developed (Kali, 2006n press; Kali & Linn, in press). It contains a set of features, which
are examples from diversgassroordested science curriculum materials, connected to
the prgmatic and metaprinciples described above. Recent reseaschhowrthat the
database can (a) promote collaborative knowledge building for communities who design
and explore educational technologies (Kali, 20@6)d (b) assist novice designers in
creatirg effective technologypased curriculum units (Kali & Rondfuhrmann, 2007). In

this articlewe highlight the make thinking visible metaprinciple.

Make Thinking Visible

We elaborate the make thinking visible metaprinciple by discussing four
pragmatic ddgn principles connected to this metaprinciple and by describing features

from successful visualizations that employ these principles. All features are embedded in


http://www.design-principles.org/

iInquiry activity sequences in technologpased learning environments of various science

disaplines.

Pragmatic Principle 1: Reduce Visual Complexity to Help Learners

Recognize Salient Information

This principle calls for reducing the complexity of any type of visualization by
eliminating functionality and details that distract from the main qoindearlier in this
article we showed how addition of colors to the successful heat bars animation reduced
the effect of the animation (Foley, 2000). Many animations do not improve learning
because they overload learners rather than pinpointing salienmgition (Morrison et

al., 2002). In the case of heat bars, the new information interfered with student
interpretation of feedback from the visualization.

When designing a visualization, designers need to carefully consider the sort of
feedback students ed. To succeed, designers need to analyze both the student repertoire
of ideas and the nature of the visualization. Of course, visualizations can also
oversimplify and interfere with learninglo serve as pivotal cases (Linn, 2005),
visualizations need aoptimal level of complexity appropriate for the specléarning
goal and target audience. Finding the right balance requires characterization of the
repertoire of ideas the target audier#ds In most cases, finding the right level of
complexity requies several design and enactment iterations.

We illustrate how the complexity principle works visualizationsfrom two
technologybased learning environment®8ioKids (Gotwals & Songer, 2006), an
elementary school ecology curriculuand Virtual Solar Sstem (Yair, Mintz, & Litvak,

2001), a middle school earth science curriculum.

10



CyberTracker: A tool supporting biodiversity data collection in BioKids. In
this curriculum, students study biodiversitytheir own schoolyardDesigned foffifth-
grade studestin urban Detroit, CyberTracker responds to the difficulties students have in
identifying the salient features of their own empirical data. Students input various kinds
of animal data into CyberTracker based on observations in their schoolyard. Byrmpgovidi
simple icons, which point to the type of data students are required to focus on, this feature
streamlines their ability to locate and analyze relevant deda. s uppor t stude
exploration of the inquirfostering question, Which zone in my schoolydras the
highest biodiversity? CyberTracker provides students with a set of common
organizational visual elements representing factors such as animal abundance and animal
richness Fig. 2). This common presentation format reduces complexity and allows
stucents to easily locate and analyze data relevant to the evaluation of the biodiuersity
their schoolyardBy enabling students to compastata in a culturally relevant context,
this visualizationserves as a pivotal cas&€he use of CyberTracker helps @pp
elementary students develop important scientific practices such as collecting and
organizing their own datdhis toolis especially effective when it is embedded in a series
of activities that follow a pattern of making predictions, gathering daterpigting

results, and reconciling outcomes with predictions.

Highlighting orbital lines in the Virtual Solar System. Another feature that
illustrates the complexity principle is emgt inthe Virtual Solar System a 3D virtual

reality environment for exploring the solar system (M&ial.,2001). Using the mouse of
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the computer, | earners can fAflyo in the sol
The environment supports four oes of observation, which enable learners to change

their point of view, zoom in or out, and fly around celestial objects in any direction.
Navigation in this environment requires learners to make sense of the dynamic spatial
information which they observd&Rkesearch that exploredi d dl e schosebf st uden
this environment by showed that they often lose a sense of orientation and find it difficult

to navigate (Gazit & Chen, 2003; Gazit, Y&r Chen 2005 Yair et al, 2001). To

facilitate this task, egzially for young learners, features were added to the environment
thatenable students to view entities of the solar system, such as orbital lines that show the
course of celestial objects (e.g., the course of the moon around the earth, or the course of

the earth around the suyrflrig. 3). Although this graphic tool reduces the authenticity of

the virtual environmentio some extentt has a significant advantage in helping learners

overcome the loss of orientation and contributeghir understanding othe solar

system (Gazit & Chen, 2003; Gaeit al.,2005. In this case, complexity stemmed from

the spatial nature of the contents, which made it difficult for students to understand where
theywerefil ocatedo in the sol ar provslddeuwes forAddi ng
visualizing the system and reduced the complex task of spatiatairge within the solar

system, which is the basic requirement for making valid comparaoosigthe planets.

In this sense these cues makewisealizationserve as givotal case.

12



Pragmatic Principle 2: Scaffold the Process of Generating Explanations

Generating explanations, raising conjectures, and asking questions are the essence of
science. Yetjn science classes, the main communication of scientific ioi#es comes

from the text and the main rhetorical task involves clarification (Letral, 2004).

Scaffolds can enrich the explanatiolemrnersconsider and help groups of learners

develop sme shared criteria and standards for their explanations (McNeill, Lizotte,

Krajcik, & Marx, 2006). This principle is illustrated with two features: one that elicits

|l earnersd explanations and another than intr
into a discussion.

Generating explanations with Principle Maker in WISE. To scaffold
generation of explanations, the Principle Maker (Clark & Sampson, 2007) helps students
synthesize data they have collected or experienced into a principle. It was dewsoped
part of the ATher modynamics: Pr old-torl4g Your S
yearold students (Clark & Sampson, 2007). The project uses the heat bars animation as
well to introduce thermal equilibrium.

Using the Principle Makestudents create geral principles that summarize their
understanding of data collection and simulations from previous stages in the project.
Students use a series of pdibwn menus to construct a principle. Each menu gives a list
of possible phrasesom whichto choose Kig. 4). These predefined phrases represent
components of principles students typically use to describe heat flow and thermal
equilibrium, based on prior research.

Clark and Sampson (200Tpund that scaffolding students in the creation of

principles helpsmake student ideas explicit. Clark and Sampson take advantage of the

13



principles students build to set up discussions that include groups with opposing ideas.
They argue that this process promotes dialogical argumerittit@nprocess of
responding to ideasf others with evidenebased comments. By making student thinking
visible, the Principle Makercompels students to make precise statements and enables
others to formulate equally detailed reactions. Such discussions are rare in typical science
classroomsAs a resultstudents have a good sense of the views of their peers and can
spend their time supporting, evaluating, and critiquing ideas. The use of the Principle
Maker encourages students to create narrative accounts of their ideas using precise
vocabuary. It helps them appreciate the value of compelling explanations and gain
experience responding to critiques of their iddasthis manner it serves as a pivotal
case.The Principle Maker enables learners to take advantage of the feedback from their
peers because it is embedded in a WISE activity that guides student interactions
following a promising pattern for collaboration. This form of argumentation prepares

students for more advanced science coulses €t al, 2004.

Sorting ideas withldea Manager in WISE.The ldeaManager is another WISE
feature designed to guide students in making scientific explanations (Burmester &
Holmes, 2005). IdeaManageris used in the Mitosis & CEIProcesses module. Idea
Managerhas two elements. Your Ideas is an editing tool that enables students to keep
track of their ideas. Users record their ideas about various issues in mitosis as they
complete the activities. Ideas must be concise enoughda bne line but students can
add as many ideas as they like. The second ele@ennect Ideas is a dramnd drop

workspace used to answer questions in a visually representative way. Students are asked

14



to explain their answers using ideas from their Wsstudent can drag and drop an idea
from the ideas list onto an idea workspace, producing a map of connected ideas. These
ideas, now connected to different concepts, are saved as the project continues, so that by
the end of the projectstudents have anap representing their ideas. The map of
interconnected ideas makstudent thinking visible and enables class members to learn
how others have connected idelislso serves as a pivotal case because it enables them
to compare situations, monitor theirogress,and describe discuss and critique their

own ideaswith peers and the teach@tig. 5). Recording ideas during a learning process,

and then using these records to explain a phenomena, is an important metacognitive skill
thatyoung learners can @ctice using this tool and employ in future science courses. The
Idea Managemcludes not only the visual representation of ideas but also a sequence of
activities that jointly help learners use the map to integrate their ideas around complex

questions.

Pragmatic Principle 3: Support Student-Initiated Modeling of Complex

Science

When students can create their own models of a phenomenon, they make
decisions about how different elemenfstile phenomenon relate to each other. In this
process they reexamine their repertoire of ideas. A major component of doing science is
building computeibased models. Powerful modeling programs for students give learners
the opportunity to practice buildjnmodels. Researchers are beginning to create such

opportunities for elementary and middle school students using tools such as NetLogo

15



(Colella, Klopfer & Resnick 2001) and Boxer (diSessa, 2000). We highlight two
examples of such tools.

Building and testing dynamic models with Modellt. Modeltlt, developed at
the University of Michigan, is a learneentered tool for building dynamic, qualitative
models. It was designed to support students, even those with only very basic
mathematical skills, in buildingythamic models of scientific phenomena and running
simulations with their models to verify and analyze the resM&tdalfJacksonKrajcik,

& Soloway, 2000). Modelt provides an easto-use visual structure with which students

can plan, buildand testheir models ig. 6). Modetlt has been used with thousands of
students and their teachers in both urban and suburban areas. Research shows that when
properly integrated into the curriculum, Modehllows students to take part in a variety

of scientific practices such as testing, debugging, building relationships, specifying
variables, and synthesislétcaltJacksoret al., 2000).

For instance, in one unit on water quality designed around Mudsliddle
school students build models and test how polistanould affect water quality.
Exploring connectioneamongfactors that affect water quality, including the geosphere,
hydrosphereand atmosphere&an serve as a pivotal case for students and prépare
for understanding th&arthas a complex system €B ZviAssraf & Orion, 2005). The
unit was especially effective because students were guided to use-MamiEwing
patterns such as prediabserveexplain. Additionally, such exploration can help students

appreciate the nature of computerized modeding better understand how models work.

16



Building and testing electricity models in DC (Direct Current) Circuits. The
DC Circuits environment enables students to build and test cimdlels by freely
manipulating symbolic representations of electrical components and the wires that
connect themHKig. 7). Ronen and Eliahu (2000) found that the use of the simulation
contributed to middle school students' confidence and enhanced theiatinotito stay
on task, compared to a group who used real circuits. They found that the simulation
provided a source of constructive feedback, helping students identify and correct
alternative conceptions and cope with the common difficulties of relatmgmal
representations to real circuits and vice vehsdhis sense it acted as a pivotal case for
the studentsThis feature shows the value of enabling students to construct their own
models, as suggested by the pragmatic design prinaipllee embeddig the activity in a

pattern that includes informative feedback.

Principle 4: Use Multiple Linked Representations

A powerful way to illustrate a complex phenomenon is to provide stsideittt
multiple representations of thghenomenonThesecan be of various types including
animations, graphs, symbolic illustrations, text, vpared so onRepresentations are not
necessarily interactive and therefaee not necessarily visualizationglsing multiple
representations enables diverse learners to find a representation that resonates with their
ideas. Multiple representations also allow students to identify connections that are salient
in one representation but not in another. Multiple espntations become even more

powerful when they are dynamically linked to each other and synchronized, so that

17



changes in one representation cause appropriate changes in the other. In this manner,
students can better understand connections between tbes/éypes of representations
of aphenomenon and integrate ideas that each of these representationsganudkes,
these multiple representatiooan serve as pivotal cas®¥e illustrate this principle with
two features from environments designed dpperelementary and middle school earth
science: the Virtual Journey within the RoCkcle (Kali, 2003), and WorldWatcher
(Edelsoret al, 1999).

Multiple representations of the rock cycle The Virtual Journey within the Rock
Cycle is a software game degned t o promot e mi ddthinkihgs c ho ol
i n the context of the earthds crust (Kal i,
mission of collecting five types of rocks (randomly assigned from a list of 15 rocks) with
the least number of aves. To collect these rockthey need to navigate to the area of
formation of the rocks (e.g., shallow sea, areas of high temperature and pressure beneath
the earthds surface, et c. ). ebdagy, weptdgringon i s d
and sedinentation, burialand metamorphism, volcanism, etc.). The interface of the
software provides learners with four interconnected views of the rock cycle system: (a) a
symbolic model of the system, in which arrows represent geological processes and boxes
represent their producis(b) a blockdiagram- a representation common in geology
showing all the areas of formation of each of the geological progdssed a-i i poom
view, where animation illustrates a specific geological procasd (d) a textbox
explaning the geological proces&ig. 8). Each time a student navigates to a different
area of rock formation, the four views change simultaneously to illustrate various aspects

related to that area. To collect the five types of rocks, students need tchimasght
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several cycles of roetorming processes. This type of activity has been shown to
promote studentsOd understanding of the earth
understanding is a <cruci al f ounl sctencen f or
specifically for understanding plate tectonics (Kali, Orion, & Eylon, 2003). Students

using the game are motivated not otdyinderstand the location of the specific rocks but

the explanation for their formation. The game also guides stuttegpothesize, test

their ideas, and combine their findings.

Multiple representations in WorldWatcher. WorldWatcher is a supportive
scientific visualization for the investigation ofeather datalt is based on features used
in powerful, generapurpose tools for scientists, which were adapted for the use of
students (Edelson et al., 1999). WorldWatcher is used in the Planetary Forecaster Project
(grades6 to 8) where students explotke major factors that lead to variations in
temperature around the globe. The project places students in the role of research scientists
who must investigate the causes of temperature variation on Earth in order to make
temperature predictions (and in nuridentify habitable areas) on a fictional, newly
discovered planet.

WorldWatcher displays twdimensional global data in the form of color maps.
To provide geographical context, it displays them with latitude and longitude markings
and an optional conteant outline overlay. A constantly updated readout follows the user's
mouse as it travels over an image, displaying the current latitude, longitude, country or

state/province, and temperature data vakig. Q). In this manner, the different types of

19



representations of the data (i.¢extual representation of the temperature, color scheme

representing temperature, location of mouse on the continent outline, and the textual
representation of the location as latitude and longitude) are linked and change
syndironously with the mouse location movements. Using WorldWatcher helps students

understand the complex interactions #ud¢ctweather patterns.

Discussion

The examplesve havepresentd show how visualizations can help students integrate
their ideas. Visualizations often serve as pivotal cases, illustrating an idea that stimulates
learners to reconsider their prior knowledge. W& have illustrated, successful
visualizations are typidig embedded in promising instructional pattethat highlight
salient information and guid&nowledgeintegration. For example, patterns prompt
learners to generate explanations, compare their results to those of peers, design a model,
link varied represntations, or reflect on alternatives. The principles guide the design of
the visualizations, but the visualizations succeed because they are implemented as part of
powerful patterns.

To support designers as they create such sequences and embed vEualizati
such sequences, Linn and Eylon (2006) have identified design patterns to complement the
design principles approach. A design pattern is a sequence of activities teachers and

students in a classroofollow. Linn and Eylon (2006) synthesized a broatge of
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research on inquiry science to identify patterns that emplogwledgeintegration
processes in productive ways.

An example of using visualizations within a sequence of activities can be found in
the work of Cl ark and Smaamamcs: Probih@ ¥our) . Il n
Surroundingo unit, tvweeescrihed @rdvisedwearsiomdfleat he f e a't
Bars called Heat Flow Simulation, and the Principle Maker,arsequence of activities
thatwas guided by a design pattern calpeedict observe explain (Linn & Eylon, 2006
initially described by White & Gunstone, 1992).

The predict, observe, explain pattern involves providisgudents witha
demonstrationof a scientific phenomenon. The pattern starts weilibiting st udent s 0
predictions,then, running the demonstration, arishally, asking students to reconcile
contradictions (White & Gunstone, 19920 contribute to knowledge integration, the
predict, observe, explain pattern engages students in testing conjectures. The use of the
patten strips away some of the complexities of a scientific phenomenon by providing a
demonstration and encouraging careful observation. Reseascthowrthat observing a
demonstration is less effective than interaction with it (Crouch & Mazur, 2001). The
expain step in the pattern compensates by encouraging learners to articulate any
discrepancies between their prediction and the outcome.

Guided by this design pattern, Clark and Sampson (2@@Xelopedthe
thermodynamics unit starting with a driving questio t h a t elicits student
thermodynamics: People talk about objects beingturallyh o torconaturallyc o | -d o
What do they mean?. Then, students maideslictionsabout the temperature of various

objects in the room and measure the temperatiiteese objects to compare with their

21



predictions. To explain their findings, thexplore the heat flow simulatiothat shows

heat transfer between a hot cup and a warm table at both the observable and molecular
levels. Students then use the lenses @ af cooling as a basis for understanding the
concepts of insulators and conductors. The culminating activities engage students
developing principles thaxplaineveryday phenomena related with heat transferimnd
critiquing principles created by tirepeers.

The use of the predict, observe, explain pattern assisted the desigadosing a
sequence of activitiethat embeds the heat flow simulation within other features that
employ, in addition to thenake thinking visible metaprinciple, other netaprinciplesas
well (i.e. the nake science accessible, thelp learners learn from each other, and the
promote autonomous lifelong learning metaprincipglesAsking students to make
predictions about the temperature of various objects in the togps nake science
accessibleby building on student knowledgand using examples that are familiar to
students from their everyday experiencHse peer critiquing of the principles created by
other students in the culminating activity enables students to fiemmeach other, as
well as to develop critiquing skills. These skills migiicouragestudents to continue to

critique any information they encounter in their future schooling and everyday life.

Conclusions

Visualizations offer great promise for designitechnologybased environmentthat
support st udent.sTheydar@mavideistodgntsonith pewerfueneveigeas
that can help them sort out their existing views of a scientific phenomenon and promote a
more coherent generative view of this pamenon. They can also provide a robust basis

for further science learning by diverse learners in higher grades. However, for
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visualizations to serve as pivotal castey need to be carefully designed based on
design knowledge such as design principled design pattes. Design principles can

guide designers in creating innovative visualizations that build on past failure and success
stories, and design patterns can assist designers in embedding these innovations in
appropriate activity sequences, tadd for specific needs and requirements of the field.

As we discussed earlier, to enhance their effectiveness, the rationales considered when
designing any feature in a learning environment should be made visible to teachers, who
need this knowledge to Ikeltheir students maximize the benefit frolearning

environments
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Note

This article is based on work supported by the National Science Foundation under grant
numbers. RE@311835, ESD334199, and ES0455877. Any opinions, findings, and
conclusions orecommendations expressed are ours and do not necessarily reflect the
views of the National Science Foundation. We benefited from helpful conversations with
the TechnologgfEnhanced Learning in Science Group and the Design Group at the
department of Educatioin Technology and Science at the Techriidsrael Institute of

Technology. We appreciate help in production of this article from Jonathan Breitbart.
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Figures

Initial Temperature Heat Bars | [Z}
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Figure 1: Heat Bars animation designed by Lewis (1996) and Foley (2000) to illustrate
the rate of heat flowni different materials
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CyberTracker Zone Summary: School Backyard
ZoneA ZoneB ZoneC ZopeE  Microe |[Lof

; Habhitat
Animal Name
2po  Earthworms 5 0 0 7 - in dirt 12
LE3S
Tho  Other invertebrate 0 0 2 0 -onsomething ]
LE3S hard
ff‘fB Ants 8 30 4] 0 - in dirt 38
LE3S
6 Bees 1 0 0 0 -insky 1
LE3S
*E Ladyheetles 4 0 0 0 - on wlant 4
LE3S
*E Unlmown heetle 13 0 0 0 - on grass 13
LE3S
F#6 Unknown insect 3 2 0 14  -insky 19
LE3S - on Zrass
- on ground

Unknown spider 8 0 0 1] - On grass 8

Centipedes 4 0 ] 7 - on grourd 11

- oh sornething

House mouse 4] ] 1 8] - on grass 1

5.
LE&S

Unknown bird 2 0 0 5 - on tree 9
N

Red squirrel 0 0 1 0 - Ol Zrass 1

Tumher of Animals 48 32 4 33 11’
{Abundance)

Number of Kinds of Animals 9 2 3 4 18
{Richness)

Figure 2: CyberTracker: A tool supporting biodiversity data collection. (Gotwals &
Songer, 2006)
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The Earth's Orbit
(blue line)

The Moons' Orbit
(red line)

Figure : Highlighting orbital lines in the Virtual Solar System (Yair, Mintz, & Litvak,
2001; Gazit, Yai& Chen, 200%
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[AII ohjects V] become the same temperature as each other V]
I unless they produce their own heat energy. VI
lAt the end of the 24 hours, these objects feel the same as each other. A\ |

411 obhjects become the sawe temperature a;

n he

produce their o

other unless
it the end of the 24 hours,

0}
Hh
1
m
=

these ochjects

each other.

the same

Figure 4: Scaffolding students in the creation of principles with Principle Maker in WISE
(Clark & Sampson, 2007).

efine:

€fithey are in Interphase, healthy liver cells are
good at removing toxins from the blood. Why are liver

cells with cancer not good at removing toxins?

This question is about Interphase.

aideas from your list to answer the question.
ag at least 2 ideas into the white circle.

Connected ldeas: 0

@rphase

Cancer Cells

Cancer Medicines

Click on the Save button when you are done:

Figure 5: Sorting ideas witllea Manager in WISE (Burmester & Holmes, 2005)
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Qur Ideas

@nor mal cells divide without control.
@ncer can affeact many organs
@ncer is 3 deadly disease

@t all cells divide at the same rate.

R

< |

You can add new ideas below:

3
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" . -~ stream Stream Strearn
FEAm | oxygen = | phasphate oxygen quality
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Current 5
Yalue 3
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minirnurn = 0

Figure 6: Building and testing dynamic models with Meltl&lackson, Krajcik, &
Soloway, 2000)
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. Circuits - [STUDENT.CIR] _ 2] x]
_18] x|

File Wiew ‘window Help

DC CIRCUITS is an exploring and problem-solving environment for electric circuits.

Example:

Set the value of resistor
R3 so that the ammeter
will read 1 A.

Example:

Explore the

circuit and identify the
hidden component.

Example:

Design and build a circuit so that
the brightness of each identical
bulbs will he B1 = B2 > B3 = B4.

[Fusn]

Sample Circuit

[Fun]

Sample Circuit

Sample Circuit

[Run]

-~

Bd

JuiE\_@_ﬁ

B3

2 -0

B1 B2

These are non-active examples. Don't try to solve them here.

-

MNext Tutorial Tasks Menu

of
Student
Figure 7: Tutorial screen in DC circuits showing types of explorations students can make

(Ronen and Eliahu, 2000)

a1
ForHelp, press F1
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Figure 8: Multiple representations of the rockleyin the Virtual Journey Within the
Rock Cycle (Kali, 2003)
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