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Orchestrating inquiry instruction
using the knowledge integration
framework

Kevin W. McElhaney and Marcia C. Linn

Introduction

This chapter describes how the knowledge integration framework (Linn and
Eylon 20006) can strengthen inquiry instruction. Using the Web-based Inquiry
Science Environment (WISE) we designed instruction featuring scientific
experimentation to help students gain an epistemologically normative view
of inquiry and to support students’ understanding of everyday science. We
draw on studies using the Asrbags: Too Fast, Too Furious? unit. The unit helps
physics students integrate their understanding of motion and graphs during
an investigation of the safety of airbags in car collisions. We report on a series
of studies that illustrate how to improve virtual experimentation and at the
same time ensure that students gain valuable inquiry skills.

Goals

In this chapter, we describe research that broadens students’ views of
classroom science. Studies show that students typically sequester their under-
standing of classroom science from their explorations of science in everyday
life (Zimmerman et al. 2010). We draw on research about students’ social
(Barton 1998) and academic identities (Brown 2006) as well as their experi-
ences in local communities (Corburn 2005) to inform design of inquiry
activities. We seek ways to help students integrace their views of science from
experiences in diverse settings.

We use the knowledge integration perspective (Linn and Eylon 2006; Linn
and Eylon in press) based on over 25 years of research on inquiry science to
guide our efforts to make experimentation meaningful and relevant within
inquiry investigations. We draw on the views of Lehrer, Schauble, and
Petrosino (2001) who argue that the history of experimentation within the
auchentic inquiry practices of argumentation, representation, and modeling
‘imbues the dry bones of experimentation with meaning and significance’ (p.
275). We explore ways to engage students in authentic invescigations chat
promote the integration of scientific ideas about the domain, the mechods
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S

o investigation and everyday experience. We illustrate ways that inquiry

inscruction can take advantage of real-world scientific issues to help students
cest their own ideas, build on everyday experiences, and achieve complex
scientific insights.

Rationale

Experimentation is a critical aspect of professional scientific inquiry (Kuhn
1970; Latour and Woolgar 1986; Thagard 1992) and a desired component
of school science (National Research Council 2007). Professional views of
experimentation are diverse and include, in addition to controlled laboratory
experiments, quasi-experiments (Campbell and Stanley 1966; Campbell et
al. 1963), natural experiments (Freedman 2005), and design experiments
(Brown 1992; Collins et al. 2004), among others. In choosing an experimen-
tation approach, professional scientists must weigh the benefits of different
methods and decide which ones align best wich the context of inquiry and
provide the most valuable insights about the investigation. While scientists’
views of the appropriateness of these experimentation approaches may differ,
their views regarding the general purpose of experiments are more uniform.
Scientists conduct experiments about a wide range of questions using a
plethora of methods that often require considerable creativity and cannot be
reduced to a set of steps.

Typical school science instruction does little to communicate the nuances
of authentic experimentation and their relacionships to the context of inves-
tigation (National Research Council 2006). Students often follow recipe-like
procedures that lead to predetermined outcomes rather than conducring their
own investigations. Teachers instruct their students to vary one variable at
a time without providing a clear rationale for this procedure. These typical
classroom practices can discourage authentic student conceptions of scientific
experimentation.

School science standards may also promote procedural views of experimen-
tation. For instance, the California Department of Education (2000) states for
middle school, ‘Distinguish between variable and controlled parameters in a
test’ (p. 29) and for high school, ‘Identify possible reasons for inconsistent
results, such as sources of error or uncontrolled conditions,” and ‘Recognise
the issues of staristical variability and the need for concrolled tests.” (p. 52).
Though these standards address important aspects of experimentation, they
focus on the validity of controlled experiments rather than on whether they
answer an important question or advance understanding. These standards may
€ncourage teachers to focus on the procedural mastery of controlling variables
father than on the nature of scientific investigation. Experimentation tasks
that ask students to apply specific strategies misrepresent the nature of
Scientific inquiry and may preclude robust understanding of scientific experi-
mentation. To develop authentic views of scientific experimentation, scudents
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need to explore uncertain situations and test their own conjectures. When
students design experiments thac test their own ideas and answer relevant
questions about the world they can gain insight into science inquiry.

Role of domain knowledge in designing and interpreting
experiments

The role of domain knowledge in scientific experimentation has become
progressively more central to research on scientific reasoning. Early research
addressed children’s ability to isolate variables in experimentation contexts
where domain knowledge played little or no role in making inferences. For
instance, Inhelder and Piaget (1958) designed a task (later adapted by Kuhn
and Phelps (1982) and others) that asked subjects to determine what combi-
nation of colorless fluids would yield a specific reaction outcome. Siegler and
Liebert (1975) examined the ways subjects determined how an electric train
runs on the basis of four binary switches (though in actuality, a researcher
operated the train using a secret switch to ensure that subjects would test
all 16 combinations). These studies examined experimentation as domain-
general logical inference. In these situations, subjects could make valid
inferences only by isolating variables to logically eliminate possibilities.
Research on experimentation in more knowledge-rich contexts has revealed
the important role of domain-specific knowledge in how students conduct
experiments. Studies in realistic contexts illustrate how designing and inter-
preting experiments involves a much more complex and nuanced set of factors
than simply the ability to logically confirm or disconfirm hypotheses using
controlled experiments. For example, studies show that children are more
likely to test plausible rather than implausible hypotheses (Klahr et al. 1993;
Tschirgi 1980), focus on variables they believe to be causal (Kanari and Millar
2004), and use experiments to achieve specific outcomes rather than test
hypotheses (Schauble 1996). Though learners’ ideas about the investigation
context may lead them toward invalid experimental designs or inferences,
students may also use ideas productively, such as by narrowing the range
of testable values or eliminating implausible explanations. Tschirgi (1980)
argued thar children’s tendency to use ‘invalid’ strategies when determining
the ingredients needed to bake a good cake is reasonable, given real-life goals
of reproducing positive results (good cakes) and eliminating negative ones
(bad cakes). Koslowski (1996) also argued that using prior knowledge to
generate and interpret evidence is a good strategy, particularly when undf:r-
standing mechanisms informs the interpretation of outcomes. These studies
indicate that learners’ alternative strategies sometimes stem from efforts €O

refine their understanding of the situation, such as by narrowing the set of

investigation questions or exploring the nature of the variables.
Other research shows the extent to which learners’ prior understanding
of the domain may affect their learning outcomes. Linn, Clement, and Pulos
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(1983) compared the students’ reasoning in laboratory tasks and naturalistic
rasks involving the effects of system variables on an outcome. The study
found that part of the variance in performance on these tasks was associated
with task content knowledge. Schauble (1996) examined experimentation by
children and adults in two science domains. The study revealed that subjects
who conducted valid experiments often reached invalid conclusions informed
by their prior knowledge of the system, and that subjects’ knowledge
sometimes informed their experimentation strategies. These findings show
how domain knowledge contributes to scientific reasoning. Knowledge of the
domain can facilitate learning from experimentation but might also mislead.

The findings point to experimentation as an important way to extend
learners’ understanding of a domain, as well as to strengchen appreciation
of the diverse merhods scientists have devised to advance knowledge.
Incorporating experimentation activities within inquiry investigations
provides learners with opportunities to test their own ideas about the domain
and use the outcomes of experimentation to generalise knowledge to new
contexts.

Controlled experiments vs. informative experiments

Today researchers still conduct studies that minimise domain knowledge
and focus on promoting mastery of the control-of-variables strategy (CVS)
in science classrooms (Chen and Klahr 1999; Klahr and Nigam 2004). The
studies present students with stand-alone experimentation tasks where the
role of students” prior domain knowledge is negligible and students’ under-
standing of the outcomes is inconsequential for subsequent tasks. These
classroom tasks present experimentation to students as a procedure to be
followed rather than a component of authentic science inquiry and treac the
strategy itself, rather than insights about the context, as the relevant learning
outcome. The implications of these studies for promoting valid experimen-
tation in contexts where domain knowledge plays an important role are
therefore unclear.

Characterising experiments as either controlled or uncontrolled may not
€apture the complexity of the insights students make during the course

: o » . . .
Of experimentation. This chapter presents research that extends studies on

Students’ mastery of CVS by examining a complex, realistic experimentation
fontext. In chis task, different controlled experiments for the same variable
fl[ustrate different types of variable relationships and not all controlled exper-
ments are equally informative. In this way we make a distinction berween
ntrolled experiments and informative experiments.

Experimenting in realistic contexts requires learners to consider a wide
Nge of ideas to design informative experiments. Learners need to integrate
:__EVEl‘yday ideas they have about the topic, formal knowledge about the science
“Omain, and knowledge about strategies for experimentation in order to

2
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investigate complex questions. They need to focus their inquiry on the most
salient issues. To make sensible decisions about experimental designs that
test the multitude of ideas they hold, students need more than procedural
guidance (such as domain general instruction of controlling variables). They
need methods for sorting out their disciplinary knowledge and identifying
compelling questions in order to learn how to conduct informative experi-
ments. We draw from the knowledge integration perspective on learning
(Linn and Eylon 2006) to suggest compelling ways that instructional
designers can incorporate experimentation within rich, realistic, and relevant
inquiry investigations.

Using the Knowledge Integration Pattern to Design
Authentic Experimentation Activities

The knowledge integration (KI) perspective describes learning as occurring
when students articulate their everyday ideas and intuitions then add new,
normative ideas about science to their repertoire of ideas. Instruction then
prompts students to bump these ideas up against one another, giving them
opportunities to distinguish and evaluate ideas and resolve conflicts. These
activities can help students monitor their own understanding so that they can
identify and repair gaps in their knowledge. In this way, new knowledge is
anchored to prior educational and personal experiences. The KI perspective
informs the knowledge integration pattern, an approach to designing
instruction that takes advantage of the variation in students’ ideas to help
learners achieve integrated understanding of science. The KI pattern guides
students through four knowledge integration processes to help make the
ideas in their repertoire cohere (Linn and Eylon 2006). Here we outline the
four processes and discuss how they can help students integrate ideas from
experiments.

Elicit ideas

First, instruction should elicit ideas that students have about the topic of
study. Learners’ initial ideas may reflect everyday experiences with the context
of investigation and beliefs about the nature of science and experimentation
as well as ideas students have from formal inscruction. Eliciting ideas rakes
advantage of the variety of ideas that learners have about the investigation
context and sets the stage for experiments to add new ideas that extend OF
conflict with students’ prior ideas. Eliciting ideas near the beginning of
an investigation can also motivate the need for experiments and encourag€
students to design informative experiments that provide relevant insights

abour the investigation.
The need to elicit students’ ideas about the topic illustrates the value of

connecting experiments to relevant contexts. Relevant socio—scientific issues
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can tap the productive ideas students have about everyday science and provide
students with a basis for making informed conjectures. Real world problems
allow the investigation to center on compelling driving questions (Krajcik et
al. 1999), which make the design and interpretation of experiments conse-
quential to the investigation. Relevant investigation contexts also reflect
authentic practice of science inquiry and illustrate that experiments are a
means to answering scientific questions rather than ends in themselves.

Add ideas

Next, instruction should add normative ideas to students’ repertoires. Typical
experimentation activities add ideas by illustrating monotonic (and often
linear) relationships between system variables and outcomes. These relation-
ships often illustrate key concepts in the scientific domain, such as how
plants respond to sunlight or how frictional force relates to the mass of an
object. These ideas are just a subset of the ideas that experiments can add for
students.

In realistic experimentation contexts, aspects of experimentation may
be less straightforward than in typical tasks. For instance, variables may
exhibit non-linear or piecewise relationships to outcomes in situations where
threshold values govern outcomes, or variables may interact. Experimentation
can thus add ideas about the multitude of ways variables can vary with
outcomes. Furthermore, a virtual experimentation environment may take
advantage of scientific representations such as graphs or molecular models to
add ideas about scientific representations.

Complex experimentation tasks may require scaffolding instruction in
order for students ro be successful. Inquiry investigations can add the ideas
about the domain students need in order to design and interpret informative
experiments. This approach makes scientific knowledge consequential for the
experimentation task and motivates the need for new ideas.

Distinguish ideas

Thn'd3 instruction should encourage learners to distinguish their ideas.
Experimentation by its very nature concerns distinguishing outcomes for
(I)ne set of conditions from another — this is the main purpose of experiments.
N typical experimentation tasks, students distinguish between the effects of
Ilfferem:. values of the same variable, illustrating covariacion relationships.
fnscrucnon may also prompt students to distinguish observed outcomes
rom t.heir expectations and to explain discrepancies. In a sense, distinctions
Cﬂmpflse the essence of experimentation as a method of scientific inquiry.
Guiding students toward conducting valid, controlled experiments does
not ensure that scudents will adequately distinguish ideas. Our studies
Suggest that even students who conduct valid controlled comparisons may
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not attend to the distinctions that serve as evidence in support of their views
or that lead to relevant insights about the investigation. In a vignette later in
this chapter, we illustrate how students’ attention to the logistics of isolating
variables can preclude them from considering the nature of the variables.

Designing tasks around realistic scientific contexts provides students with
more opportunities to distinguish key ideas. For instance, important consid-
erations in many variable systems are the magnitude and pattern of each
variable’s effect on outcomes. Inquiry questions that highlight the unique
nature of each variable can prompt students to distinguish the variables
from each other using these criteria. Driving inquiry questions that address
the overall investigation goals rather than specific system variables can force
students to connect variables to investigation goals for themselves. This
activity can help students furcher distinguish the nature of the individual
variables.

Sort out and refine ideas

Finally, instruction must allow students to sort ozt and refine their ideas in order
to identify and repair gaps in their own understanding. Typical experimen-
tation tasks may ask students to summarise their experimental results but
neglect to provide opportunities to apply or generalise the findings. Summary
may not compel students to evaluate the knowledge they build from
conducting experiments, possibly leaving gaps in understanding. Inquiry
‘nscruction should make the findings from experiments consequential so that
students recognise when their knowledge is insufficient to address the inquiry
goals. Students can then revisit their experiments or conduct additional trials
to strengthen connections among their ideas.

Realistic investigation contexts allow knowledge students gain from
experiments to be consequential. Consequential tasks require students to
bring multiple sources of evidence together, such as domain knowledge,
observations and outcomes from experiments, research from the World Wide
Web, ideas from peers, and everyday conceptions of science. These activities
can take many forms, such as constructing an argument (as in a debate of
persuasive essay), designing an artifact, or critiquing the arguments, designs
and viewpoints of others.

In summary, realistic experimentation activities have the potential to hellp
scudents’ link scientific ideas to their everyday ideas about science. Realisti€
experimentation tasks embedded within inquiry investigations provide an
alternative to typical laboratory experiments in their emphasis on the nature
and purpose of experimentation and the role of experimentation in addressing
relevant, real-world problems.
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Investigating a realistic problem: Airbags: Too Fast, Too
Furious?

Airbags is a week-long computer-based inquiry module designed for high
school physics classes. Airbags has two primary learning goals. First, students
examine the relacionship between the nature of one-dimensional motion and
the characteristics of position-time and velocity-time graphs. Second, Airbags
aims to help students understand the dynamics of airbag deployment and the
risks for injury from an airbag in a head-on collision. In Airbags, students
investigate factors that lead to a high risk for injury to the driver from an
airbag. The design of Airbags aims to integrate these two learning goals by
prompting students to use graphs to furcher their understanding of collision
events.

In this section, we describe the activity sequence of Airbags and illustrate
how it takes advantage of the relevant context of airbag safety and the KI
pattern to make the experimentation activity meaningful, relevant, and
consequential.

Activity |: Orient and Elicit Ideas

Activity 1 introduces students to the investigation context, elicits their ideas
a!:nout how airbags work and why they might present dangers in certain
circumstances. A screenshor of the first activity of Airbags appears in Figure
3.1. The activity presents students with differenc types of evidence, such as
a slow motion video of a head-on crash test, a full-speed video of an airbag
dePloying, and fartality statistics from accidents involving airbags. Students
articulate their initial ideas in response to prompts concerning how airbags
are d.e§igned to work, why they must deploy at such high speed, and the
conditions in which they might be dangerous. The activity encourages
students to view the crash test video multiple times to familiarise them with
the‘ sequence of events that occur during a head-on collision. The prompts
8uide students toward developing the primary criterion for determining
;:-’hether th.e drivFr was injured by the airbag — encountering an airbag that
i:?:rngt f.imshecl mﬂying. The SL{bs.equent af:tivitics build on these ideas by
oducing the motion characteristics as variables and the safety of the driver
as the outcome in experimental trials.
stu’ﬂl;-e \t;;;lyd ;Stit;p:e énA/?:;&agjfwere sduccessful in motivacing the topic F(‘)r
e makinagj or stl;lents ac or near legal driving age in
5, P i i g automobile safet?r a particularly relevant topic
y students. Furthermore, the motion and forces that students

- er‘ - . -
SXperience as either drivers or passengers in cars from day to day provide

Stuy z . . .

b dents with a kinesthetic understanding that can be extended to this
s - . s LY

‘fivestigation. The dramatic videos depicting crash tests and the real-time

aj - : 1
e thag deployment video contributed to capturing students’ interest, as did
?
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Figure 3.1 Screenshot of an evidence step and an embedded prompt in
Activity | of Airbags.

examples of visualizations that professional engineers use to study the safety
of automobiles. The impact of these videos was likely enhanced for students
who had driving experience. Many students noted that they thought about
the Airbags module when they drove their car during the week in which chey
used the module in their classrooms. The topic of car safety thus resonated
with these students at a personal level.

The value of the compelling investigation context goes beyond capturing
students’ interest. The videos and fatality statistics prompted students to
consider the speed of the airbag deployment as a trade-off between protecting
and injuring the driver, depending on the conditions of the collision. Class
discussions helped engage students in debating the design features of cars
and airbags in light of this trade-off. The limited information students had to
debate this issue at the beginning helped make the use of physics to analyse
the situation consequential.

An early embedded prompt asked students to interpret the fatality
statistics, which showed women to be at greater risk for death from impaCE
with airbags. In our most recent study with Airbags, 60% percent of students
responses attributed the gender difference to irrelevant factors such as driving
skill or inattention (due to applying make-up, for example). Class discus-
sions revealed many students’ awareness about greater insurance premiums
for men compared to women and that this evidence conflicted with their
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initial interpretations. This discrepancy provided motivation for scudents to
design experiments that would generate evidence for alternative explanations.
Responses to assessments near the end of the module showed students greatly
improved their understanding of the gender disparity. We discuss these
improvements below.

Activities 2 and 3: Add and distinguish ideas about
motion and graphs

Activities 2 and 3 focus on helping students add and distinguish the ideas
about motion and graphs that are needed to conduct and interpret their
informative experiments. These activities add ideas abour kinemarics that
help students understand the nuances of motion of the airbag and the driver
during the collision and how graphs represent this motion. Airbags prompts
students to rewacch the crash test video while focusing on the motion of
the airbag (for Activity 2) or the driver (for Activity 3). Students observe a
simple animation of this motion (Figure 3.2 (a) and (b)), use a drawing tool

(a) (b)
TRt e v e AR
08 0
- —
(c) (d)
(B st et ]

sod VELOCITY grapha. Tid yomer graphs maich e
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Figure 3.2 Scaffolding visualizations in Activities 2 and 3 of Airbags. Students
observe an animation of motion [(a) and (b)], predict the
appearance of graphs, then observe computer-generated position or
velocity graphs simultaneously with the motion [(c) and (d)].
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to sketch position and velocity graphs of the observed motion, then observe
the animation concurrently with dynamically generated position and velocity
graphs (Figure 3.2 (c) and (d)). The visualizations add ideas about the nature
of the motion of the airbag and the driver, and how different fearures of the
graphs represent different characteristics of motion.

After using the visualizations, A/rbags prompts students to distinguish
between the computer-generated graph and their own graph, among different
parts of the graph from each other, and between graphs of motion in opposite
directions. These prompts call scudents’ accention to the difference between
their initial ideas and new normative ideas about graphs and highlight
distinctions among positive, negative, and zero velocity and acceleration. We
observed a common interaction that students had wich their teachers during
the third activity as they sketched their prediction of the position and velocity
graphs of the driver’s motion. After having struggled with the graphs of the
airbag’s motion in the previous activity, many students drew accurate graphs
of the driver’s motion that neglected only to represent the correct direction
of motion (opposite to that of the airbag). When these students observed the
compurter-generated graphs (which were inverted versions of their own graph),
the difference between the two graphs not only highlighted how both position
and velocity graphs represent the direction of motion, buc also reinforced the
idea that the value of the velocity graph is the slope of the position graph.

Activity 4: Conduct an experiment to distinguish the
variables

In Activity 4, students conduct virtual experiments to investigate the effect of
three motion variables on the driver’s risk of injury from an airbag. Students
use an experimentation environment (Figure 3.3) to conduct a series of trials
that examine whether the driver’s height, the collision speed, or the amount
that the car can crumple on impact has the greatest effect on the driver’s risk
of injury. Each of these questions maps on to one of three motion variables
students can manipulate in the visualization (the initial position of the
driver, the velocity of the driver toward the airbag after impact, and che time
between impact and driver’s initial motion relative to the steering wheel).
In the experimentation environment, two types of relationships govern the
risk for injury to the driver from an inflating airbag. First, over a particular
range of values, each of the three variables covaries with the time that elapses
before the driver and airbag collide. Tall drivers, low speed collisions, and a
large crumple zone therefore make a driver more likely to encounter a fully
inflated airbag than short drivers, high speed collisions, and a small crumple
zone. Second, two threshold values (for position and time) determine situz?-
tions where the likelihood of injury is invariant: (1) short drivers who sit
within an airbag’s zone of deployment will zever encounter a fully inflated
airbag, and (2) for sufficiently tall drivers, if the duration of the crumple zone
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Press the “New trial” button when you are ready to set the dummy parameters and run a trial. When you are
finished with this simulation, close this window.
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Figure 3.3 Experimentation environment in Activity 4 of Airbags. At the top,
students select and investigation question, specify variable values, and
observe the animation for each trial. In the lower left, students can
view a position or velocity graph of the airbag’s and driver's motion.
In the lower right, students can see their trial history, which they can
use to sort trial outcomes and compare the graphs of multiple trials.

exceeds the deployment time for the airbag, drivers will @/ways encounter a
fully inflated airbag.

The combination of covariation-based and threshold-based relationships
L‘femeen variables and outcomes produces piecewise, rather than simple
linear, functions that describe conditions that produce safe outcomes. These
complex relationships force students to combine knowledge of the collision
€vents, motion parameters, and graph interpretation in order to achieve a
Sophisticated understanding of the sicuation. The ability of students to design
informative experiments therefore depends upon more than their propensity
to control variables in an arbitrary manner.

The inquiry question of determining the variable that has the greatest
effect on the outcome is a distinguishing task. We also studied versions
of Airbags that presented students with a more typical task of examining
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the effect of the individual variables on the outcomes. We found that in
response to the typical task, many students failed to reach insights that would
arise from identifying distinctive features of the variables, particularly the
threshold values. We devised the distinguishing task in an effort to highlighe
the roles of the distance and time thresholds on the collision outcomes. We
follow this section with three vignettes thac illustrate how the distinguishing
task helped students reach sophisticated insights about the airbags situation,

Activities 5 and 6: Sort and refine ideas with
consequential tasks

Activities 5 and 6 aim to help students evaluate their understanding of the
airbags situation using consequential tasks. Activity 5 achieves this by first
presenting students with examples of collision graphs from the experimen-
tation environment as hypothetical data from a ‘black box” data recording
device. Students must construct arguments about whether each graph repre-
sents a safe or unsafe outcome and which variable was most responsible for this
outcome. Activity 5 then asks students to construct graphs that distinguish
between two collision scenarios, such as those involving a tall or a short driver.
In Activity 6 students bring together evidence from the module, experiments,
and the World Wide Web and apply it to the first step of a design task: to
recommend design improvements to cars and airbags to make them safer. The
activity aims to strengthen students’ understanding of the collision dynamics
by applying their understanding of factors that lead to injuries from airbags.
Arguments and design tasks require students to determine whether their
current state of understanding is sufficient to address the broad goals of the
inquiry investigations. If their level of understanding proves to be inadequate
to construct a cogent argument or to inform the initial design effort, students
may be compelled to revisit previous evidence to refine their understanding.
We observed students reaching insights from discussions with their
working partner in efforts to reach consensus on arguments and design
considerations. These discussions were likely enhanced at least in part by
the design of the prompts. Rather than simply asking students to explain an
observation or phenomenon, the prompts provided students with just two ot
three choices and asked them to defend just one of the views. For instance,
some prompts asked students to explain why a graph illustrated a safe or an
unsafe outcome. Other prompts asked students to choose the collision factor
that was most responsible for the outcome. Requiring each dyad to take a
particular position helped students recognise when they were in disagreement
with their partner and required them to achieve consensus. Students often
asked us to resolve disagreements between group members as they attempted
to generate a unified response to these prompts. In these situations, we woul
ask each student to summarise their own point of view and engage them in 2
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mini-debate. Sometimes we would instruct students to revisit evidence, such
as the videos or their experimental results, to better support their views.

As we noted earlier, 60% of students atcributed increased risk for women
o irrelevant factors. In a similar argumentation prompt after the experi-
mentation activity, A#rbags presents a scenario that asks students to explain
whether a short, stocky man or tall, thin woman is at greater risk for an airbag
injury. On this item, the percentage of students who use irrelevant evidence
to support their view fell to just 11%, while the percentage of students
who correctly identified the driver’s distance from the steering wheel as the
determining factor in this scenario was 73%. The ability of the Airbags inves-
tigation as a whole to shift students’ views from uninformed to those based on
evidence illustrates the importance of giving students opportunities to refine
their understanding of the everyday application of science.

Three Vignettes: Using Experiments to Highlight Key
Distinctions

Here we present three vignettes that illustrate how an experimentation task
that emphasises distinctions among the variables helped students consider
the nature of the variables in the Airbags situation. These vignettes focus on
the ways that the distinguishing inquiry task helped students reach insights
that a typical experimentation task of examining individual variables might
not have allowed them to make. All students names used in these vignettes
are pseudonyms.

Vignette |: ‘Let’s go to the next question’

We first discuss Brett and Eric, who studied the version of Airbags that
presented the typical task of examining the variables individually. Bretc
and Eric were enrolled in a science and mathematics program thac had high
standards for admission and that served the strongest students in their metro-
politan area. Students in this program are concurrently enrolled in calculus
and nearly always actend four-year colleges. Brett and Eric had the following
exchange while conducting a controlled comparison for the position variable:
E: .. Short or tall. And now we have to move the guy back, ‘cause he’s taller.
So we gotta keep everything except position. So move him back some.
Like right there.

He's going to be safe, obviously.

He might not, let’s just check. {They run a new trial.} Yeah. So mark
that as safe. OK, put the graphs for the previous two. [They compare the
graphs of the two trials]

B: They're both safe.

Yeah. So let’s go to the next question.
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This exchange illustrates two ways that their controlled test, though ‘valid’
in the strict sense of varying only one of the variables, failed to be especially
informative. Firse, because the first of these trials produced a ‘safe’ outcome,
Brett knew in advance that the outcome of the subsequent trial, which they
conducted with the driver at a greater distance from the airbag, would also be
‘safe.” However, rather than choosing a set of values that would provide them
with new insights, they simply completed the test they had initially planned.
Second, because both of these trials produced ‘safe’ outcomes, they failed to
provide any evidence for their ultimate conclusion — that shore drivers are at
greater risk for injury.

This example illustrates why controlled experiments are not neces-
sarily informative. Further tests aiming to illustrate conditions that led
to an ‘unsafe’ outcome might have better informed their understanding
and possibly highlighted the role of the distance threshold in determining
collision outcomes. However, their variable choices and the brevity of their
discussion about the results suggest they are focused more on the perceived
requirement of isolating variables than on gaining insight abour the situation.

A subsequent conversation during their next set of controlled trials sheds
more light on their experimentation approach:

E: ...since we're doing, like, experiments, we can only change one of them,
we can’t change multiple ones.
B: Yeah.

E: ‘Cause like in real life, there would be a combinacion of all chree.

Eric appears to believe he is prohibited from doing anything other than
isolating individual variables, even though at no point does Airbags instruct
students on how to design experiments. Furthermore, the distinction he
makes between their task and ‘real life” indicates he believed these other strat-
egies would be permissible in other contexts. Though Eric did not elaborate
on what he meant by ‘a combination of all three’, his comments suggest
he views the task of isolating variables as being a requirement of classroom
science, and that in an authentic setting the investigation would require a
more complex approach.

Brett and Eric provide an interesting example of students who are able
to articulate the complexity of the problem in front of them bur appear
consciously to ignore this complexity. Their decision raises issues about the
conflicting goals of classroom science and authentic inquiry. The contrived
nature of Brett’s and Eric’s investigation approach suggests that the typical
task of examining individual variables failed to jar them into a mindset that
prioritised deepening their knowledge about the investigation over doing
what was expected of them as high-achieving science students. Brett and Eric
might have benefited from engaging in the distinguishing task, which they
might have perceived as more challenging, authentic, and realistic.
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Vignette 2: ‘We’re kind of figuring it out as we’re looking
at this.

Joann and Linda were enrolled in the same selective science and math
program as Brett and Eric. Joann and Linda studied the version of Airbags
that presented the distinguishing task of determining the variable with the
greatest effect on the collision outcome. Like Brett and Eric (and many other
students), they began their investigation of the variables by planning an
approach thar would isolate each variable ar chree distince values of the other
variables:

L: Idon't know. Maybe we just test ummm, like, test the position at, like,
three different points. That’s just so — that’s just so many tests, never
mind.. ..

At this point chey use their first chree trials to isolate the position variable
and test its full range bur are soon discouraged by che sheer length of their
proposed approach (27 trials in all). After choosing intermediate values
for their fourth trial and discussing the outcome, their discussion about
the ‘effect’ of the car crumpling empowers them to abandon their default
isolation of variables strategy:

J: See we keep — we kepr all thac the same, but the farcher away it was, the
safer. Keeping the velocity and time on track. Because I would imagine
let’s say you had — it was closer, and it goes right there, and you had the
dummy time at like 1 full second, that would give it more time to inflate.
So then the dummy wouldn’t start moving until 7.5.

L: Righe, OK.

J: So it’s an extra half — time ... or whatever ... And if you decrease the
velocity, they can move slower, which I'm assuming is a slow crash, like
slow impact crash.

L: OK.

J: Then ic all falls back to what we said originally, the crash, the speed of

the crash dictates if position and dummy time, you know, the crumpling
of the car would have an effect.

L: Yeah. I don’t understand why we have to do different tests for each three
different sections {investigation questions}. You know? You click on
them and be like whatever trials for this, kind of, ‘Cause it looks like
we're kind of figuring it out as we're looking at this.

This excerpt sheds light on their rationale for changing their approach. Joann
Summarises the results of their initial controlled trials using the typical
Covariation approach (‘the farther away it was, the safer’). However, their
View of the inquiry task appeared to change when they recognised that a
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simple covariation-based explanation was insufficient to address their inquiry
questions. Their discussion turned to the trade-offs between variables (e.g.
reducing the position but increasing the time) and their pre-experimentation
hypothesis (that the speed ‘dictates’ the effects of the other variables). At this
point they began conducting trials in a more spontaneous way in an effort
simply to ‘figure it out.’

The stark differences between these first two vignettes illustrate how
asking students to distinguish the variables might have changed their entire
conceprions of the task. For Brett and Eric, the typical isolation of variables
task appeared to provoke a ‘schoolish’ response. They viewed the task as a
simple covariation problem (a common class of problem in school science),
and as a result they prioritised a valid control of variables design over gaining
insight. In the process, they sequestered their classroom inquiry investi-
gation from the real life practice of authentic science. Their analysis never
went beyond a superficial characterization of the variables. The investigation
questions in the typical task did not challenge Brett and Eric to deepen their
understanding of the situation.

In contrast, Joann's and Linda's task of distinguishing the variables
ultimately led them to incorporate a wider range of strategies to elucidate
variation patterns. They conducted trials with the intention of understanding
the relationships between variables and outcomes and the mechanisms that
governed these relationships. Their questions encouraged them to consider
the nature of the variables and to determine the unique contributions of each
variable toward the outcome. This approach reflects an authentic, rather than
a ‘schoolish’, view of the inquiry task.

Vignette 3: ‘Why are they the same?’

Christine and David were enrolled in a physics class (at a different school from
the students in the previous vignettes) comprised of students having wide-
ranging science and mathematics ability. As with Joann and Linda, Airbags
presented Christine and David with the distinguishing rask. In this vignette,
Christine and David conduct a controlled comparison for the velocity
variable. Because they have set the position variable to a value within the
airbag’s deployment range, they achieve identical outcomes where the airbag
injures the driver. As they compare the graphs from these identical outcomes,
they have the following exchange:

D: Um, wait, go back to the other graph? Isn't that kind of like the
same?

Yeah. Yeah. So...

Mm.

Why are they the same?

All right. Faster speed equals less safe.

9OUO
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Christine and David have distinctly different responses to the outcome of
Trial 5. Christine appears to be interested in what causes the results. David,
however, seeks evidence for covariation between speed and risk for injury,
despite observing two identical outcomes. His statement ‘faster speed equals
less safe,” while it reflects the conventional wisdom that drivers are more at
risk for injury in high speed collisions, completely ignores the evidence they
generated in their experiment. Their next trial breaks David’s grasp on the
conventional wisdom:

C: ... It still looks the same!

D: Well that’s like the airbag hicting bim [verbal emphasis]. So he’s like,
driving driving driving driving driving, and the airbag's coming, psh,
and it’s hitting him. And then it will be like stopped, and he didn’t go
into it, it just kind of blew into his face, so that means that he'd be. . .not
good.

C: Yeah, but I mean like, it still looks the same as if it was going slower.
Still che same effece, the position doesn’t change so that person stays the
same height obviously.

D: I chink I kind of get it, like. Like, um, our hypothesis was, you know, for
this, the height made a difference, like the raller you are, then the safer
you're going to be, and the smaller you are, the not safer you're going
to be. And we thought it was really the speed that was going to affect
it, but, whether you're going slower or faster, the airbag coming out and
hitting you [gestures hand roward facel, you know —

The same.

It’s gonna be the same.

Oh OK, I get you.

So really, the speed doesn’t affect it.... right now, it’s more the height.

gogo

This vignette illustrates a couple of important ways that the distinguishing
task and the realistic nature of the Airbags investigation led Christine and
David to reach insights they likely would not have reached using a more
typical experimentation task. First, David’s detailed narrative accounts of the
dynamics of the interaction between airbag and driver illustrate the degree
to which their everyday understanding of the situation informed their inter-
pretation of the experiments. Without chis realistic context, they would have
great difficulty making sense of the identical outcomes they observed for their
controlled comparison. The Airbags context not only gave them information
they could use to explain the results, but also gave their conclusions personal
meaning.

Second, Christine and David were able to reach an important insight
concerning the relative effects of the driver’s height and collision speed in
determining the safety of the driver. Distinguishing the variables led them
to incorporate the unique nature of each variable into their explanation of
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the results. Throughout their experimentation sequence, David attempted
to characterise variable relationships using statements of the form ‘more x
equals more y." This tendency toward interpreting all outcomes in this way
likely stemmed at least in part from school science’s emphasis on covari-
ation relationships. The complex nature of the variable relationships in the
Airbags task produced an unexpected outcome, forcing them to reconcile their
‘schoolish’ expectations of covariation with their conflicting observations.
Their insight reflects their efforts to make sense of the results in the context
of everyday life racher than characterise them according to rules that did not
apply to the situation.

Implications for Inquiry Instruction

The knowledge integration framework suggests ways for instruction to help
students develop authentic views of experimentation within inquiry investi-
gations. Centering investigations on realistic, relevant contexts encourages
students to take advantage of their knowledge in designing experiments and
in reasoning about their findings. This way, students can design experiments
that test their ideas rather than merely follow a recipe that may not connect
to their prior conceptions or relevant everyday ideas.

Our findings illustrate that some students have developed a formulaic
approach to controlling variables, possibly from prior instruction. These
students appear to miss subtleties in the investigative context and lack a
propensity to make sense of their investigations. School science may condition
students to focus on valid procedures at the expense of understanding the
scientific implications of their experiments. As mentioned at the onset, this
might stem from standards that endorse a specific view of experimentation
and that equate valid experimentation with controlled tests. Another reason
may be that students lack opportunities during typical instruction to conduct
experiments in meaningful contexts.

Our studies illustrate a major challenge of inquiry instruction: the need
for students to take on the role of scientific investigator and (to some
extent) let go of their role as a science student. As Bretr and Eric demon-
strate in our first vignette, the students’ classroom goals (such as earning
a good grade or minimising effort) can interfere with making meaningful
insights abour realistic investigations. Designers of inquiry instruction
should be mindful of ways in which students’ beliefs about classroom
science can preclude authentic interpretations of inquiry investigations. The
success of students engaged with the distinguishing task of Airbags illus-
trates the substantial effect that subtle changes in framing of inquiry tasks
can have on students’ insights. In Airbags, presenting students with a set
of uncommon investigation questions appeared to jar some students out of
their roles as science students and encourage them to make more authentic
inquiry choices.
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The distinguishing task was not equally effective for all students who
studied Afrbags. For students who found the distinguishing task too difficult,
a more direct method of scaffolding might have been more helpful. For
example, we might have explicitly asked students to identify values of
position, velocity, and time values that were particularly important to deter-
mining the outcomes, then prompted them to distinguish the variables on
this basis. Using logging technologies currently available in WISE and other
learning environments, this direct guidance might be provided if students
conduct experiments in a way that does not provide evidence for these
distinctions between the variables. Identifying the best forms of guidance
for experimentation, as well as employing guidance that is adaptive to the
nature of students’ inquiry moves, are important avenues for future research
on technology-enhanced inquiry instruction.

Finally, our studies emphasise the importance of conducting research on
inquiry in classroom contexts. Uncovering the ways students’ beliefs about
classroom science affect their interpretation of inquiry tasks is not possible
with laboratory studies. We illustrate that the extent to which students are
conditioned to think about scientific investigations and their goals as science
students can profoundly influence learning outcomes from inquiry investiga-
tions, even those about relevant everyday contexts. Research should continue
to examine how students’ beliefs about classroom science can affect the
effectiveness of inquiry inscruction. We hope that further research on inquiry
learning will continue to challenge the norms of typical science instruction
and bridge the gap that exists between classroom and professional views of
science. These research efforts have the potential to benefit students not only
within the classroom, but also as lifelong learners.
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