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ence testing at the elementary, middle, and secondary levels by the

2007-2008 school year are renewing scrutiny of available assessments
as evidence of what students should know and be able to do in science. It
is widely recognized that there is a major disconnect between the content
and structure of large-scale accountability tests and classroom formative
assessment practices. Traditional tests tend not to be aligned with the chal-
lenging goals set forth in the National Science Education Standards (NRC
1996) and state science standards and are too limited to capture the deep
conceptual understandings at the heart of science reform.

A paramount lesson learned from earlier reform efforts is the need to
align key components of the educational system—i.e., standards, curricula,
and assessments (Quellmalz, Shields, and Knapp 1995; Smith and O’Day
1991). Effective reform programs promote student achievement by placing
a greater emphasis on conceptual understanding and application to every-
day situations, increasing use of technologies, and developing new forms of
assessment (Shields, Marsh, and Adelman 1998). Several decades of sci-
ence learning now inform our understandings of how to design assessments
to probe what students know and can do (Bransford, Brown, and Cocking
2000; Pellegrino, Chudowsky, and Glaser 2001). Central to research-based
test design is a shift from questions on discrete, factual content to questions
that focus on relationships among concepts and tasks that require integra-
tion of reasoning and inquiry within significant, recurring, extended aca-
demic and applied problems. However, many assessments continue to rely
on discrete items, primarily using the multiple-choice format. These tests
still favor shallow content coverage (Quellmalz and Haydel 2002). Clearly,
better methods for capturing compelling evidence of student science learn-
ing, both content knowledge and inquiry skills, must be made available.

The powerful capabilities of technology hold the key to transform-
ing current assessment practices at both the state and classroom levels
(Quellmalz and Haertel 2004). Currently, external, technology-based ac-
countability assessments do not incorporate complex performance tasks,
nor do technology-rich curricula yet employ principled assessment designs
that provide student performance data that meet the standards of techni-
cal quality required for external assessments. What is needed, therefore, is
development of assessment designs and examples that can take advantage
of technology to bring high-quality assessments of complex performances

Requirements of the No Child Left Behind (NCLB) law for sci-
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into science tests with accountability goals and with formative goals. In
this chapter, we describe a project funded by the National Science Founda-
tion, “Calipers: Using Simulations to Assess Complex Science Learning.”

Value and Uses of Simulations in Education

Increasingly, simulations are playing an important role in science and
mathematics education. Simulations support conceptual development by
allowing students to explore relationships among variables in models of
a system. Simulations can facilitate knowledge integration and a deeper
understanding of complex topics, such as genetics, environmental science,
and physics (Buckley et al. 2004; Hickey et al. 2003; Krajcik et al. 2000;
Doerr 1996). Moreover, simulations have the potential to represent content
and relationships in ways that can reduce reading demands and allow stu-
dents to “see” a variety of concepts and relationships (e.g., pictures, graphs,
tables). Simulations are well-suited to investigations of interactions among
multiple variables in models of complex systems (e.g., ecosystems, weather
systems, wave interactions) and to experiments with dynamic interactions
exploring spatial and causal relationships. Technology allows students to
manipulate an array of variables, observe the impact, and try again. The
technology can provide immediate feedback. Simulations also can make
available realistic problem scenarios that are difficult or impossible to cre-
ate in typical classrooms.

Simulations can allow students to engage in the kinds of investigations
that are familiar components of hands-on curricula, but also to explore
problems and discover solutions they might not be able to investigate in
classrooms. They also allow experimentation with phenomena that are too
large or small, too fast or slow, or too expensive or dangerous. In addition,
simulations do not require the logistical planning involved in setting up
equipment for hands-on science experiments.

Numerous studies have discussed the benefits of using simulations to
support student learning. Model-It has been used in a large number of class-
rooms, and positive learning outcomes based on pretest-posttest data have
been reported (Krajcik et al. 2000). Ninth-grade students who used Model-
It to build a model of an ecosystem learned to create “good quality models”
and effectively test their models (Jackson et al. 1995). After participating
in the Connected Chemistry project, which uses NetLogo to teach the con-
cept of chemical equilibrium, students tended to rely more on conceptual
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approaches than on algorithmic approaches or rote facts during problem
solving (Stieff and Wilensky 2003). Seventh-, eighth-, and ninth-grade
students who completed the ThinkerTools curriculum performed better
than high school students on basic physics problems, on average, and were
able to apply their conceptual models for force and motion to solve realistic
problems (White and Frederiksen 1998). An implementation study of the
use of BioLogica by students in eight high schools (Buckley et al. 2004)
showed an increase in genetics content knowledge in specific areas, as well
as an increase in genetics problem-solving skills. Studies conducted with
BioLogica suggest that the activities maintain student engagement while
also linking their explorations to underlying content in genetics (Horwitz

and Christie 1999).

Calipers Project Goals

The Calipers project is a two-year demonstration project that aims to use
technology-supported “benchmark assessments” to bridge the gap between
external summative assessments of principled design and high technical
quality and curriculum-embedded formative assessments.

The Calipers project has developed a new generation of technology-
based science assessments that measure student science knowledge of the
relationship of multiple components in a system and inquiry skills inte-
grated throughout extended problem-based tasks. The Calipers simulation-
based assessments are intended to augment available assessment formats;
make high-quality assessments of complex thinking and inquiry accessible
for classroom, district, program, and state testing; and reduce economic
and logistical barriers that impede the use of rich science assessment. The
Calipers project provides evidence of the feasibility, usability, and technical
quality of the new simulation-based assessments. In addition, the project
has prepared a plan for development of a larger pool of simulation-based
complex assessments linked to key strands in the AAAS Atlas of Science
Literacy (AAAS 2001) and core National Science Education Standards.

Development of the Calipers Assessments

The development of the Calipers assessments includes a principled ap-
proach to the assessment design, alignment of the assessments with key
science standards and representative science curricula, pilot testing and
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revisions, and a plan for development of additional environments and as-
sessments.

The Calipers assessments were designed to test science knowledge and
inquiry strategies in two fundamental life and physical science areas. Life
science standards related to populations and ecosystems were chosen for
one of the simulation prototypes. Physical science standards related to forc-
es and motion were selected for the second set of prototypes. For each area,
Concord Consortium designed the model of the environment to be simu-
lated, and SRI International and WestEd designed the assessment items
and tasks related to the environments.

Design of the assessments followed a principled assessment design ap-
proach (Mislevy et al. 2003). The science knowledge and inquiry skills to
be tested were specified. The evidence that would provide observations of
achievement of the knowledge and inquiry was specified in terms of the
types of student responses to be elicited and scoring criteria. Features of
tasks and items that would elicit evidence of achievement were specified.
For both of the content areas, the science knowledge and inquiry abilities
were aligned with the AAAS Benchmarks and key ideas and the National
Science Education Standards.

Guidelines for the Calipers assessment tasks included (1) specification
of a driving, authentic problem, (2) design of items and tasks to take advan-
tage of the simulation technology, (3) alignment with standards, and (4)
alignment with the types of problems and activities presented in curricula.

Simulation-Based Assessments for Forces and Motion

The setting selected to simulate principles of force and motion included
skiers and snowmobiles on a mountain. The driving problem was the need
for a student dispatcher to coordinate the rescue of injured skiers by snow-
mobile units. The simulation engine developed by Concord Consortium
built on its existing Dynamica engine. To demonstrate the flexibility of the
environment for assessments at a range of levels of complexity, three assess-
ments were developed to test concepts and inquiry strategies appropriate
from the early middle school grades to grade 9 physical science. Students
were asked to predict and explain what would happen to the snowmobile
on varying terrain (e.g., sloped, frictionless). Student manipulations of the
simulation included drawing force arrows and running the simulation.
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Figure 10.1 presents a screen shot of a scene within one of the Mountain
Rescue assessments. Students are asked to draw an arrow (see lower left)
depicting the magnitude and direction of the friction force acting on the
snowmobile and predict what will happen to the snowmobile. In a subse-
quent screen, after running the simulation to see if their prediction was
correct, students are asked to explain to the rescue team why the snow-
mobile behaved as it did. Student manipulations of the simulation and re-
sponses to the question provide evidence of their knowledge of balanced
and unbalanced forces on surfaces with and without friction. Other tasks
and scenarios test inquiry skills for prediction, explanation, and interpreta-
tion of graphs. Questions related to simpler and more complex knowledge
are asked in the three separate assessments, and additional inquiry skills,
such as designing the experiment and communicating recommendations,
are tested.

Figure 10.1 Force and Motion Assessment 1: Friction Force
Drawing and Prediction Items
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In fact, the frozen lake has some friction. The force of friction of the frozen lake on the snowmobile is 15
Newtons (N).

Draw the friction force acting cn the snowmobile by clicking and dragging an arrow from the snowmobile.

Predict what will happen to the speed of the snowmobile.
) 1t will slow down.
" It will stay the same.

0 I will speed up. Submit
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As students participate in the force and motion assessments, the com-
puter captures their answers to questions whether in the form of multiple
choice, short answer, or essay. The computer records the magnitude and di-
rection of arrows they draw and captures their manipulations of the simula-
tions. When students experiment with the snowmobile speed to determine
the best speed for getting to skiers on an icy hill, the computer captures the
speed selected for each experimental trial. This information can be used
to examine how each student in an entire class performs an experiment, a
task that cannot be done in a classroom laboratory. We can determine if
students have chosen experimental values that cover the range necessary
and if they were systematic in exploring the range of values. Finally, we can
determine if they were successful in accomplishing the task.

For many types of responses (e.g., multiple choice, drawing force ar-
rows), the computer can automatically produce a score based on a rubric
created by the Calipers assessment developers. To score multiple-choice
questions, the computer identifies whether students selected the correct
answer. Students’ responses also can be automatically coded to facilitate
the diagnosis of problem-solving strategies and types of errors in under-
standing. For example, in the first force and motion assessment students
are asked to calculate how long it will take to travel a certain distance at
a given speed. Students first select the correct formula for performing this
calculation, then enter the values for distance and speed. The computer
calculates the answer and students are asked to evaluate their answer.
The computer automatically scores student responses using a rubric that
awards 2 points for selecting the correct formula the first time, 1 point
for selecting it on the second or third try, and O points for failing to select
the correct formula within three tries. A similar scheme awards points
for entering the correct values into the equation. If students accurately
evaluate their answers, another point is awarded. In contrast to assess-
ments that score only the final answer, this enables us to pinpoint where
students have difficulty.

When students are conducting experiments to determine the best
speed for the snowmobile to use to reach the skiers on the icy hill, the
score is determined by examining if each experimental value entered is
closer to or further away from the “correct” speed. Students receive one
point for moving closer to the target speed. For the entire task, we aver-
age all the runs that a student makes. In addition, we take into account
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whether they bracket the target speed and whether they repeat any trials.
Optimum performance on the experiment would include one run with a
speed less than target but greater than the start speed of the team that
failed at the task, one run with a speed greater than the target, and one at
target.

For the constructed-response text-based questions, the computer cap-
tures the text exactly as the student types it. Another program displays
the answers of the entire class, along with the question and the scoring
rubric. The teacher or researcher reads the response, compares it to the
rubric, and enters a score that the computer captures and integrates into
the students’ records.

When all of the responses have been scored by computer and humans,
the results are placed in a database that can be explored in a variety of
ways. A teacher or researcher can see how well students are performing on
specific content or inquiry targets or how well students are performing on
the assessment as a whole. Researchers can also compare how well students
who are working with different curricula perform.

Simulation-Based Assessments for Ecosystems

The setting selected to simulate principles for populations and ecosys-
tems is a newly discovered lake in the jungle. The driving problem is to
explore the lake and describe its ecosystem. The simulation engine for
modeling the ecosystem has been developed by Concord Consortium,
building on its existing Biologica engine. To demonstrate the flexibility
of the environment for assessments at a range of levels of complexity,
three assessments were developed to test concepts and inquiry strategies
appropriate from the early middle school grades to high school biology.
Students are asked to identify the relationships of the fish and plant spe-
cies and predict and explain the effects of introducing new fish species.
Manipulations of the simulation include drawing food webs and varying
the number of predator and prey.

Figure 10.2 presents a screen shot of a scene within one of the Fish
World assessments, in which students observe species and draw a food
web. Figure 10.3, p. 200, presents a screen shot of the population level
of the ecosystem.
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Figure 10.2 Analyzing the Relationships Among Organisms
in the Ecosystem

Build a food web by drawing an arow from each food source to each eater.

To draw an arrow, click and drag on the purple dot on the food source. To change your
arrow, click on it and draw a new one. Include each species in the web.

Next

Note: In the color version of this screen shot, viewers see three purple dofs. They are
circled here.

Several tasks have been designed using this layout—students modify
variables and values that determine the size of populations of different or-
ganisms in the ecosystem over time. Changing population sizes are shown
in a simulation and in a dynamically generated line graph.

As in the force and motion assessments, students’ answers to the explicit
questions and their actions manipulating the simulation are recorded by
the computer and scored either automatically or by human scorers. The
scores can be displayed by concept and inquiry skill, providing teachers
and districts with standards-based feedback on the benchmark assessment.
If the assessments were to be used for accountability, structured rater train-
ing and scoring sessions would produce interrater reliability data for the
constructed-response items.
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Figure 10.3 Population Dynamics in Fish World
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Technical Quality of the Calipers Assessments
The Calipers assessments were first tested with small numbers of students
for the feasibility of the navigation and questions. The assessments were
then pilot tested in classrooms. Classes were selected that had completed
units addressing ecosystems or force and motion. The classes varied in their
prior use of technology. For the ecosystem assessments, students completed
both a Calipers simulation-based assessment and a set of items developed
for item clusters on the same content and inquiry by the AAAS project.
At the time of preparation of this chapter, the Calipers project had col-
lected data from a variety of sources to document the assessments’ techni-
cal quality. Reviews by external experts of alignment of the Calipers assess-
ments with national science standards as well as the quality of the science
content and items contributed evidence of the validity of the items. Cog-
nitive analyses of students thinking aloud as they responded to the items
contributed evidence of construct validity. Analyses of data from the pi-
lot testing of the force and motion assessments indicated that the items
discriminated between high and low science achievers and seemed to be
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working well as indicated by the spread of responses and the fit of the items
to the IRT model, meaning that they were all contributing to the measure-
ment of the force and motion content being tested. Similar data analyses
are currently underway for the ecosystem assessments.

Promise of Simulation-Based Science Assessments

The Calipers demonstration project aimed to provide evidence of the
feasibility, technical quality, and utility of simulation-based science as-
sessments. The scientifically based principles underlying the simulation
environments can be re-used for both assessment and instruction. For ex-
ample, the ecosystem environment can be adapted for other aquatic (e.g.,
saltwater) or terrestrial (e.g., Arctic) biomes. The simulations can be used
to design items testing factual content as well as interrelated knowledge
of systems. Inquiry tasks asking students to design, conduct, analyze and
interpret data, and communicate findings can be developed. Simulation
environments developed for fundamental science systems can be re-used
for elementary, middle, and secondary levels. Tasks and items developed in
relation to the environments can be developed for curriculum-embedded
and formative assessment activities or for external accountability. Reports
linking students’ scores to content and inquiry standards can provide valu-
able information about student progress. Most important, simulations can
permit assessment of knowledge and standards not well measured by paper-
based formats. The development of systematically designed science simula-
tions promises to revolutionize both instruction and assessment.
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