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“It Must Include Rules”: Middle School Students’
Computational Thinking with Computer Models in Science
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When middle school students encounter computer models of science phenomenon in science class, how do
they think those computer models work? Computer models operationalize real-world behaviors of selected
variables, and can simulate interactions between the modeled elements through programmed instructions.
This study explores how middle school students think about the high-level semantic meaning of those
instructions, which we term rules. To investigate this aspect of students’ computational thinking, we developed
the Computational Modeling Inventory and administered it to 253 7th grade students. The Inventory included
three computer models that students interacted with during the assessment. In our sample, 99% of students
identified at least one key rule underlying a model, but only 14% identified all key rules; 65% believed that
model rules can contradict; and 98% could not distinguish between emergent patterns and behaviors that
directly resulted from model rules. Despite these misconceptions, compared to the “typical” questions about
the science content alone, questions about model rules elicited deeper science thinking, with two to ten times
more responses including reasoning about scientific mechanisms. These results suggest that incorporating
computational thinking instruction into middle school science courses might yield deeper learning and more
precise assessments around scientific models.
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1 INTRODUCTION
Designers of educational technology often present complex science ideas through interactive models
and simulations (e.g., the University of Colorado’s PhET [1], the Concord Consortium’s Molecular
Workbench [5]). Dynamic models of scientific phenomena have gained importance in science
classrooms in the United States since the publication of the Next Generation Science Standards
[32] and the widespread access to computer technologies in precollege courses [18]. Students in
grades 6-12 can and do benefit from instruction featuring dynamic models (e.g.,[4, 29, 52]). State and
national assessment items that incorporate dynamic models are being developed [36]. Yet, students
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often have limited understanding of the strengths and limitations of these models. Furthermore,
assessments of students’ learning from models often fail to capture these nuances.
Instruction with dynamic models often asks students to identify the causal relationships in a

model. At a high level, this is asking students to identify the key underlying rules that the model
is following. We consider a rule to be a logical, natural language statement about the actions of
components in the model. A rule is higher-level than programmed code, and is not expressed in
a programming language. For example, a simple model of climate might include the rule When
infrared radiation hits a greenhouse gas, the infrared radiation bounces off. This rule operationalizes
the scientific concept that greenhouse gases absorb and re-emit infrared radiation. A model that
follows this rule could show an animation with icons representing greenhouse gases, and icons
representing infrared radiation bouncing off of them. While exploring the model, students would be
expected to notice this kind of pattern of behavior of the objects in the model. To make meaningful,
scientific connections between the models and the physical world, students need to reason about
these rules. For example, the interaction between greenhouse gases and infrared radiation explains
how greenhouse gases contribute to global warming. All of the studies cited above follow this
approach in their instructional design.
Interpreting a model as a set of rules requires nuanced computational thinking [54, 60]. In

addition to identifying individual rules, the student must consider relationships between the rules,
and the difference between a computer model and the physical world. One relationship between
rules in a computer model is that they cannot contradict each other. Therefore, the existence of
one rule constrains what other rules can also be part of the model. A difference between computer
models and the physical world is that the the rules of a computer model may not include all relevant
variables (as is the case with all models). Finally, although we can express rules in natural language,
they are still particular implementations or operationalizations of scientific concepts. Computer
programs cannot directly implement scientific concepts like "absorb and re-emit radiation." Rather,
these concepts are operationalized as actions that can be programmed (e.g., showing the movement
of shapes across a screen).
Another nuance is the difference between an immediate relationship between two variables

and a relationship that relies on a cause-and-effect chain through many variables. For example, a
climate model might show an overarching relationship between greenhouse gases and temperature
without having a rule that directly links the two. Instead, separate rules would connect temperature
to infrared radiation, and then the behavior of the infrared radiation to the presence of greenhouse
gases. Typical instruction with computer models in science classes presents a correct model and
asks students to interact with it to identify scientifically correct causal mechanisms. Indeed, as
evidenced by the success of the systems cited above, students can and do learn overall cause-and-
effect relationships this way. However, this approach is less successful in helping students learn
the mechanisms underlying those relationships (e.g., [34].)
We report on a needs-finding study with the Computational Modeling Inventory, to examine

how students think about the construction of computer models. We investigate whether this focus
yields a more nuanced measure of students’ science understanding than typical assessments. Unlike
typical assessments where the model rules are implicit, our Computational Modeling Inventory
addresses model rules directly [57]. The Computational Modeling Inventory examines student
understanding of computational models about science, including determining which rules a model
follows, and predicting the effect of changing a rule. Focusing on rules rather than behaviors alone
can reveal how students think about computer models.

We find that students have difficulty identifying model rules solely from interacting with models.
In particular, students struggle to apply the computational thinking skills noted above. Students
believe that model rules can contradict. We find that students say that a model includes a rule
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such as "X always happens" and also "X does not always happen." Students also have difficulty
delineating the difference between a computer model and the real-world phenomenon it represents.
We find that students say that a model includes a rule even when the rule in question refers to
a variable that is not represented in that model. Students also do not see the difference between
science concepts and operatonalized rules. We find that students think a computer can implement
a science concept directly. Students also do not distinguish between behaviors that follow a single
rule and behaviors that emerge due to the interaction of several rules. We find that students assume
that salient relationships are enforced by rules that directly link the initial cause and the eventual
effect. These struggles matter both because they demonstrate deep misconceptions about the nature
of computing, and also because the model rules encapsulate the intermediate scientific mechanisms
that students are intended to learn. However, we also found that asking students to imagine the
effect of a new, incorrect rule prompted mechanistic reasoning. Asking students to consider a
hypothetical (and incorrect) model elicited more mechanistic reasoning than asking students about
the science shown in the correct model. Our findings suggest that students may learn more science
content with instruction that explicitly supports computational thinking, and that encouraging
students to explore incorrect ideas in this context can provide valuable formative assessments.
The design of the Computational Modeling Inventory is based on the Knowledge Integration

framework, an instructional framework that elaborates constructivist theory [22]. The Knowledge
Integration framework posits that students may have multiple, fragmented, and at times contra-
dictory ideas, and that instruction needs to elicit these ideas so they can be examined, challenged,
and made coherent [23]. The Computational Modeling Inventory is designed to elicit students’
ideas about computer models, under the assumption that students bring prior conceptions about
modeling to their learning environments. Computer models with dynamic visualizations often
serve an instructional role of allowing students to test a hypothesis and add new ideas to their
repertoire [29]. In these activities with computational models, it is unclear how middle school stu-
dents are connecting their ideas about modeling and their ideas about the underlying science. The
Computational Modeling Inventory illuminates how students are currently integrating their ideas
about computer modeling and their ideas about science. The assessment reveals that, consistent
with hypotheses in the Knowledge Integration framework, students’ ideas about the rules that
underlie models are fragmented and contradictory. Student responses also illustrate a drawback of
only interacting with models that portray correct science concepts: students may retain incorrect
ideas because they cannot directly examine those ideas in a counterfactual model. Results from
the Computational Modeling Inventory indicate that computer models in science are worthwhile
contexts for instruction on both computational thinking and science.

2 RESEARCH QUESTIONS
(1) Identifying Rules: When students interact with computer models, to what extent are they

able to identify the rules a model is following? Specifically, when interacting with our target
computer models, do students recognize that:
• Model rules are not mutually contradictory
• All relevant variables may not be included
• Science concepts must be operationalized before they can be implemented in a model
• Some model behaviors may be emergent patterns that result indirectly from the interaction
of several low-level rules (as opposed to the direct result of one rule)

(2) ExplainingMechanisms: How does the depth of students’ reasoning differ when responding to
our questions that ask about adding hypothetical inaccurate rules to a model versus questions
that ask about the science portrayed in the model?
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The first research question, Identifying Rules, checks the assumption that students can conceive
of model behaviors as actions that follow discrete, logical rules. The second question, Explaining
Mechanisms, examines the effectiveness of typical vs. rule-focused questions on revealing stu-
dents’ thinking. The second question also tests the boundaries of students’ understanding of both
computational thinking and science content, by asking students to consider the effect of one new
rule on the behavior of the model overall. Together, these questions could provide a deeper, more
comprehensive assessment of students’ thinking than either type of question alone.

3 RATIONALE AND PRIORWORK
The word “model” is used to refer to a variety of constructs in science education, including mental
models, physical models, and conceptual models. Unless specified, we use the term “model” to refer
to dynamic, animated computer models which show a scientific simulation. Model-based learning
encourages students to develop conceptual models of science phenomena, generally on paper, and
refine their models as they encounter more evidence [26]. Model-based learning with paper models
lets students show their ideas, but doesn’t allow students to test them, or to see hard-to-anticipate
interactions or emergent phenomena. Computer models allow students to test ideas and see how
individual mechanisms connect to larger patterns. In a recent review of the model-based learning
literature, Louca and Zacharia [26] call for more research on model-based learning with computer
models. Like other learning experiences, model-based learning with computer models is shaped by
the prior knowledge that students bring [39]. In addition to prior conceptions about the science,
students will also bring assumptions and attitudes about technology. These ideas about technology
are formed through interactions with systems that are often explicitly designed to hide how the
technology works, thus leaving students to make their own conjectures.

3.1 When Technology Design Principles are at Odds with Learning
General human-computer design principles focus on making technology easy to use, which often
involves hiding the internal details of how the systems work. Don Norman described this principle
over 30 years ago by saying, “In fact, the best computer programs are the ones in which the
computer itself ‘disappears’, in which you work directly on the problem without having to be aware
of the computer” [33, p. 80]. Mark Weiser also echoed this idea, saying that “The most profound
technologies are those that disappear” [55, p. 94]. This kind of disappearing means that our explicit
attention is not on our interactions with the tool, but rather on the goals that the tools help us
accomplish. Our attention is not just drawn away from our interactions with the tool, but also from
considering the inner workings of the tool. Keeping a user’s attention focused on their tasks, in
their terms, often results in users forming mental models of a system that are very different from
how the system actually works [6]. Today, children are growing up with technology that has both
“disappeared” and is also powerful and pervasive.

Technology that does complex things without revealing how it does those things provides fertile
ground for animism - treating a non-living object as if it had life-like qualities, such as desires
and goals [27]. Animistic responses such as attributing intentions can be elicited with technology
as simple as the Heider & Simmel illusion: an animation of two-dimensional black shapes on a
white background [17]. A recent review of extensions of the Heider & Simmel illusion found that
these attributed intentions are similar among adults across cultural contexts, and that the animistic
response to these shapes seems to emerge by age three or four [43]. Therefore, it is not surprising
that children ages 8-11 would ascribe life-like qualities, such as human emotions, to technology such
as a robotic dog [56], and even a robotic arm [2]. In turn, designers advocate leveraging humans’
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animistic responses to develop technology that is more useful, fun, and intuitive to interact with
[40].

However, when the goal is for students to learn how technology works, animism is an obstacle.
Children are using technology to interact directly with domain objects - characters in a game, tools
in a coloring app, atoms in a science simulation. However, they are likely not attending to how
those technologies represent those objects - how they are operationalized within the system. For
many applications, students do not need to understand the difference between a domain object
and its representation in the system. For learning about science and especially about models in
science, understanding how objects are represented (that is, modeled), is crucial. Identifying the
distinctions between physical objects in the world and the representation of those objects in a
computer model is complex. Making these distinctions is likely even harder for students whose
prior conceptions about and attitudes toward technology are shaped by assumptions and animism.
As a result, students may develop implicit conceptions of how computer models work that inhibit
understanding of the rules that actually govern them.

The impact of “dissapearing” technology on how students think about computer science is related
to but distinct from the more general differences between technology to support performance
versus learning. When the goal is to accomplish a task, it makes sense for the technology to
disappear so that the user’s focus can stay on the task. However, in educational contexts, the goal
is generally to acquire knowledge for accomplishing future tasks, often without the technology.
This changes the nature of the interactions. For one, while designers of performance-focused
technology try to reduce opportunities for human errors, students learn more from technology that
allows them to make more domain-relevant mistakes [25, 28, 30]. Further, even domain-general
usability issues that impede performance can sometimes improve learning, such as indirect vs.
direct manipulation [15], or a fast vs. slow system response time [12]. In lab studies, when interfaces
are harder to use, users respond by planning their steps more carefully, which can help them learn
to be better problem-solvers ([12, 15]). Transparent or disappearing interfaces reduce the cognitive
load of a task, ideally by reducing extraneous load - demands that are unrelated to the task [50].
However, technology cannot reduce germane or intrinsic loads (demands that are related to learning
about the task or inherent in the task itself) [50] without affecting the learning outcomes [3]. The
differences in design principles for technology to enhance performance versus domain learning are
well-established. Still, in these systems, the technology itself is not an object of learning. In contrast,
computer models of scientific phenomena are an object of learning. To deeply learn science from
these models, students also need to learn about the models, so they can analyze their strengths and
limitations.

One may argue that if the goal is to learn the science, the workings of the model should disappear
into the background. To a large extent, how themodel is programmedwould be extraneous cognitive
load. However, the high-level workings of the model—the cause-and-effect relationships between
the variables—are germane. (See Rappin et al.’s [37] DEVICE for an example of an interface that
draws students’ attention to those relationships and mechanisms, without requiring students to
read or write code.) These high-level relationships are often what students are expected to explain
as evidence of their learning. And, if computer models are to provide a context for learning about
technology and strengthening computational thinking, then the workings of the model are certainly
germane. Designing learning environments that reveal useful information about the underlying
technology is an important aspect of human-computer interaction. Further, designing these kinds
of systems will require an understanding of the prior conceptions about technology that students
bring with them. Identifying these prior conceptions will illuminate how children think about
technology in a world where it is simultaneously all around them and hidden.
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3.2 Computer Models in Science Education
A core component of the practice of science is creating and critiquing conceptual models to explain
phenomenon, make predictions, and communicate ideas [9, 26, 36]. Conceptual models can be
instantiated with computer models. Students in grades 6-12 can learn from dynamic, interactive
models [4, 45, 52]. A key benefit of learning from models is that they visualize the mechanisms
behind scientific phenomena [29]. While middle school modeling activities can be designed to
enhance students’ learning of the target science content and their understanding of modeling as a
scientific practice [44, 59], scientific models are often incorporated into instruction to teach science
content alone, without addressing how the model was constructed, what assumptions it makes, or
its limitations.

However, even when the instructional goals focus on the science content, students’ ideas about
model construction are still important, as they influence how students proceed to learn from the
models. Specifically, students learn more science content from dynamic models when they have a
better understanding of the nature of models (ie. epistemology of models), including why and how
scientists use and modify models [13]. Further, when interacting with dynamic models, students are
much more likely to learn overarching cause-and-effect relationships than the mechanisms that lead
to those relationships (e.g., increasing greenhouse gases will raise Earth’s temperature is a relationship,
while greenhouse gases absorb and re-emit infrared radiation from Earth is a mechanism [34]). The
mechanisms explain why and how scientific phenomena occur, and therefore are crucial to students’
understanding of the science content. Since these intermediate mechanisms are governed by specific
rules underlying the model, instruction on how models work computationally may help students
focus on scientific mechanisms. Further, instruction and assessments with models generally focus
on students’ interactions with accurate models, and students’ explanations of what those models
portray [36]. However, allowing students to explore models with potentially innaccurate rules
could have benefits for science learning, by allowing students to directly test innaccurate ideas they
might hold, and by providing contrasting cases that draw attention to specific model behaviors.
When students create computer models, they are forced to engage directly with model rules

and the scientific basis for a model’s construction. When students construct computer models,
they determine how the model should behave. Thus, an important aspect of model construction,
that models are built by humans and can show inaccurate results, is at least present tacitly when
students build their own models. Schwarz and White [45] describe an instance where a middle
school student used circular reasoning to defend their claim: the model they built generated results
that were consistent with the original hypothesis. Other students, however, did not accept this
line of reasoning, arguing that the model will show whatever it is programmed to do, which is
not necessarily consistent with the real world [45]. When students construct their own models,
evaluating their accuracy against real-world data is necessary (though students do not always
do this step spontaneously [48]). Creating computer models also helps middle school students
learn the target science content [14, 45, 46, 51, 58, 59]. However, learning how to create the models
takes time. While researchers are beginning to design modeling tasks that do not add instructional
time [51], when most middle school students interact with computer models, they do so with
pre-built ones. Since the design and basis for pre-built models is inherently less explicit than it is
for student-created models, the question of how to make these issues more salient is important.
This paper examines whether students can engage productively with the concept of model rules in
the context of pre-built science models, and if doing so can elicit deeper science reasoning than the
typical, non-rule-oriented approach.
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3.3 Computational Thinking
While most instruction on computational thinking has revolved around computer science alone,
integrating it with science modeling has great potential [16]. By computational thinking, we mean
the attitudes and skills of the discipline of computer science that are useful for other domains and
applicable beyond programming, including decomposition, abstraction, and algorithms [60]. Prior
research has shown that elementary andmiddle school students are capable of learning sophisticated
aspects of computational thinking, including automata [19], and, through programming, algorithms,
abstractions, and debugging [20, 38, 61]. The promise of computational thinking is that it is relevant
to many domains. One way to combine computational thinking and other subjects is for students
to use programming to display information relevant to another subject, such as by programming a
sequence of images or descriptions in an animation [11]. A deeper way to make these connections is
to leverage computational thinking to better understand the target domain. Integrating computing
and science can strengthen students’ understanding of both, and mitigate the risk of disjoint
knowledge that results from teaching each topic separately. [47, 53]

The mutually supportive concepts within computer science and science and mathematics are so
strong that computational thinking has been specifically defined for these areas. In the context
of high school science and math education, computational thinking is a set of practices for data,
modeling and simulation, computational problem solving, and systems thinking [54]. Modeling
and simulation practices include interpreting models to learn about the phenomena they represent,
testing hypotheses with models, and evaluating, designing, and creating models [54]. The Next
Generation Science Standards include both computational thinking and developing and using
models as science and engineering practices for K-12 students, underscoring the importance of
instruction in these areas [32].

Therefore, while models in science are primarily used to teach science content, they can also be
used to teach computational thinking. In turn, students’ computational thinking skills may impact
their ability to learn science from the models. Connections between computational thinking and
areas outside of computer science have been understudied. Grover and Pea [16] and Repenning et al.
[38] call for more research on leveraging instruction on computational thinking to support learning
in other domains, such as science. Computational thinking skills are used implicitly when students
learn from models in science. Identifying mechanisms in interactive, dynamic computer models
requires, at a high level, reverse engineering the model to uncover the key underlying rules that
the objects in the model are following. Therefore, identifying mechanisms involves computational
thinking, in particular, decomposition, abstraction, and algorithms [60]. Students use decomposition
when they examine each object in the simulation individually, and determine its range of behaviors
under different circumstances. Students use abstraction when mapping objects and behaviors in the
simulation to the real-world entities and actions they represent. Finally, students mentally construct
a high-level algorithm that would generate the display shown by the simulation. Expecting students
to achieve these goals assumes that students: (1) conceive of computer models as collections of non-
contradictory rules; (2) that students can interact with and observe the model to determine if the
model follows or violates a hypothesized rule; (3) that students, realizing that computer models are
abstractions and simplifications, can recognize when relevant variables are not included in a model;
and (4) that students can differentiate between a correct science concept and the implementation
of that concept in a model, with the understanding that computer models require science concepts
to be operationalized.

The computational thinking practices described above have specific roles in students’ explicit and
implicit understanding of computer models. Notably, students may show correct understanding of
computation when explicitly asked in the abstract, but still implicitly rely on non-scientific thinking
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for specific applications [35]. It is important to design assessments that reveal how students are
applying computational thinking to specific science topics in educational contexts [7]. This paper
examines students’ computational thinking in the context of science models, with results that point
to instructional designs for how computational thinking and learning from models can support
each other.
This paper uses terminology from the field of science education in describing students’ ideas.

Instead of using the terms “correct” or “wrong”, this paper will often use the terms “normative”
and “non-normative.” This choice of terms is intended to emphasize that scientists’ understanding
of the natural world is always changing, and a commonly-accepted, normative view may not be
fully correct. Further, we want to emphasize that students often draw on valid forms of reasoning
and valid sources of data even when they produce “incorrect” responses. Finally, it can be hard
to shake the connotation that “wrong” answers hold no educational value and should be avoided.
By using the term “non-normative”, we hope it will be easier to embrace the educational value of
these ideas as contexts for deeper learning.

4 METHOD
The Computational Modeling Inventory examines what ideas students bring to their interactions
with computer models. The online assessment includes computer models, each with an animated
simulation and graphical data output, for three topics: plant growth (Figure 1), chemical reactions
(Figure 2), and global climate (Figure 3). The models included in the assessment had been tested and
refined inWeb-based Inquiry Science Environment (WISE) units and were known to be interpretable
by middle school students (i.e., they were included in units such as [42, 52]). The inventory includes
instructions for how to run each model to show the model behaviors that the assessment items ask
about. This paper presents results from the subset of assessment items that are aligned with the
two research questions above.

4.1 Participants
The Computational Modeling Inventory was given to 253 7th grade students of three teachers at
two local public schools (School A and School B). All participating classes had studied the WISE
photosynthesis unit earlier in the school year (247 students, 98% of the sample). Of the 202 7th
graders who attended School A, 171 of them (85%) had studied a WISE unit on global climate as
6th graders (none of the 51 students at School B had done so; overall, 68% of students in the study
had studied the WISE global climate unit). Approximately 40 students saw a version of the global
climate unit which included the model on the assessment (with the same animation and both data
output graphs); the remaining students saw a version of the model with the same animation but
only one of the two data output graphs. None of the students had done the chemical reactions unit.
The two teachers at school A had their 202 students do the assessment individually (95 self-

reported as female, 100 as male, and 7 declined to answer), and the teacher at school B had students
do the assessment in pairs (46 students worked in pairs, 5 worked individually; we could not collect
self-reports of gender from students who worked in pairs).
While the assessment was intended to take one class period, teachers used their discretion in

giving students additional time. We report the time spent on the assessment based on the number
of seconds logged on the first day the assessment was given. Additionally, if students took at least
3 minutes on a second or third day, that time is included. If students logged less than 3 minutes
on a second or third day, we hand-inspected the logs and only included that time if they changed
their answers. If students logged less than 3 minutes on a second or third day and did not change
their answers, we assume that they were trying to navigate to another activity and entered the
assessment by mistake. The majority of students at School A took less than 55 minutes on the
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Fig. 1. Screenshot of the plant growth model and graph key (the explanatory callouts are not part of the
model). The animation shows glucose forming in the leaves of the plant when the light is on. Glucose that is
not used immediately moves down the stem and is stored in the roots. When a molecule of glucose is used,
it disappears. The cumulative graph shows the total amount of glucose made and used over time, and the
amount in storage. Cumulative glucose made increases when the plant produces glucose in the light, and
remains unchanged when the plant does not produce glucose (in the dark). Cumulative glucose used always
increases since the plant uses glucose continuously while it is alive.

assessment (mean: 49 minutes; median: 46 minutes; 32% (66) took less than 40 minutes, 38% (77)
took 40-55 minutes, 17% (35) took 55-70 minutes, and 12% (24) took more than 70 minutes). 78% of
the students at School A (158) took the assessment over one day; 18% (37) took two days; 3% (7)
took three days. The majority of students at School B took less than 35 minutes on the assessment
(mean: 29 minutes; median: 27 minutes; 10 workgroups took less than 20 minutes; 9 took 20-35
minutes, and 9 took over 35 minutes). At School B, 20 workgroups took one day for the assessment,
7 took two days, and 1 took three days. These durations were for the entire assessment, including
seven open-response questions and demographic survey questions which are not reported on here.

Since some students did the assessment in pairs, our analysis is at the level of workgroups, with
each workgroup consisting of one or two students. Since the goal of this paper is to document the
range of ideas that students have about models, we do not exclude the students who worked in
pairs, since their responses represent the ideas of at least one student.

4.2 Instruments and Scoring
230 workgroups participated in the assessment (46 students worked in pairs, and 207 students
worked individually). Table 1 shows the question types and the number of workgroups who
answered each question for the subset of items discussed in this paper. Rule Sorting questions
consisted of a drag-and-drop interface where students sorted text statements into predefined
categories. Open Response questions consisted of a prompt and a text box. Multiple Choice and
Explain questions consisted of a multiple choice question with a prompt for students to explain
their choice in an open-response box. Screenshots of each model are shown in figures 1-3, and
the text of each question (along with rubrics for open-response items) is given in their respective
results and discussion sections.
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Fig. 2. Screenshot of the chemical reactions model. When the Spark button is pressed, a spark is added to the
oxygen and hydrogen gas. This prompts a combustion reaction, which creates water and increases the kinetic
energy of the molecules, resulting in a warmer temperature. The red line on the graph shows temperature
over time.

To make it easier for students to go back and forth between answering the questions and
interacting with the model, the relevant model was included on each question page, and students
could interact with the models as much as they wished. The question prompts directed students
to run the models in ways that would illustrate all of the behaviors targeted by the assessment
items. For the plant growth model, students were told to try running the model for 4 weeks and
then turn off the light. For the chemical reactions model, students were told to press the “Spark”
button (which starts the reaction). For the global climate model, students were asked to run the
model and observe it without greenhouse gasses, and then to press the “Run Factory” button to add
greenhouse gasses to the atmosphere. The models did not generate logs of students’ interactions,
so there is no record of how or how often students ran the models.

Individual rules in the rule sorting questions and responses to the Multiple Choice questions were
scored as correct or incorrect. All open response and explanation items were categorized by the first
author with emergent, iterative coding schemes. We present response categories and percentages
of responses that fall into each category for each question. However, the percentages reported here
are not intended to estimate the true prevalence of these ideas in the general population of middle
school students. Rather, we include them to show that the selected categories cover most or all
substantive responses in the sample, and to give an idea of which ideas are most common.

Rubrics were validated with double-coding by a second coder. The first author developed Knowl-
edge Integration rubrics for the items Emergent Pattern, Greenhouse Gas, Temperature, Reflect
Sunlight, and Two Hydrogens Bond (rubric categories and examples are shown in the Results sec-
tions). Knowledge Integration constructs are applicable across science topics, and Knowledge
Integration assessments have been shown to offer fine-grained measures of student understanding,
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Fig. 3. Screenshot of the climate change model. Students can add and remove greenhouse gases (with the Run
Factory and Remove Greenhouse Gases buttons). Dynamic graphs show the concentration of greenhouse gases
in the air (top) and the atmospheric temperature (bottom). Greenhouse gases reflect infrared radiation back
toward Earth instead of letting the radiation escape to outer space, which causes an increase in atmospheric
temperature.

Table 1. Number of workgroups who answered each question

Question Number of Workgroups (N = 230)

Rule Sorting, Global Climate Sorted at least one rule: 169 (73%)
Rule Sorting, Plant Growth Sorted at least one rule: 207 (90%)
Emergent Pattern in Chemical Reactions
(only given to one teacher’s classes; 140 workgroups)

Multiple Choice: 133 (95%)
Explanation: 132 (94%)

Greenhouse Gas: Typical question, Global Climate Open Response: 186 (81%)
Temperature: Typical question, Chemical Reactions Open Response: 203 (88%)
Reflect Sunlight: New Rule, Global Climate Open Response: 172 (75%)

Two Hydrogens Bond: New Rule, Chemical Reactions Multiple Choice: 200 (87%)
Explanation: 198 (86%)

with good psychometric properties [24]. The rubrics differentiate between normative and non-
normative ideas, and between mechanistic reasoning and other types of explanations. Each rubric
included 20-34 example responses. The first author coded all responses, and a second coder used
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the rubrics to code one or two sets of random samples of 20 of the remaining non-blank responses
for each question.
To measure the reliability of the rubrics, agreements and Cohen’s kappas were calculated for

each double-coded set. For the Emergent Pattern item, agreement between the two coders was 80%
(Cohen’s kappa of .75), indicating good reliability of the coding scheme. The rubrics for the other
questions included separate categories for different combinations of the correctness of the response
and the type of mechanism included, and since some analyses examine only correctness or only
the presence of mechanisms, agreement and Cohen’s kappa were also calculated for the collapsed
categories (with fully correct, partial, and non-normative mechanisms collapsed into present, and
the remaining categories collapsed into absent). On the first double-coded set, agreement on the
presence or absence of intermediate mechanisms was 100% for the Temperature item, and 45-95%
for the other questions, with Cohen’s kappa ranging from .08 to .64. For Temperature, agreement
on the full rubric was 90%, with Cohen’s kappa of .88. For the other three questions, the two coders
discussed and resolved disagreements from the first set, and then the second coder coded another
set of 20 randomly-selected, non-blank responses. For this second set, agreements on mechanisms
(present or absent) were either 85% or 90%, with Cohen’s kappa ranging from .57 to .80. While
agreements were high for the presence or absence of mechanisms, the kappas were more variable
because the distributions were skewed. On all double-coded sets, agreement on the correctness of
each response (also referred to as “outcome” in the analyses) was 90% or greater for each question,
with Cohen’s kappa ranging from .79 to .93. On the second double-coded sets, agreements across all
rubric categories were either 80% or 85%, with Cohen’s kappa of either .73 or .79. These measures
indicate good reliability of the rubrics.

The Two Hydrogens Bond question included a multiple choice component (for the outcome) and
an open response for students to explain their choice. The kappas for outcome reported above are
based on open-response scoring, not the multiple-choice. Of the 158 non-blank open responses,
coding for outcomes matched the multiple-choice selection in 150 (95%) of responses. The remaining
8 responses had the correct multiple-choice selection, but with open responses that were off-task,
incomplete, or indicating misunderstanding of the new rule.

5 IDENTIFYING RULES: RESULTS AND DISCUSSION
When students interact with a computer model, to what extent do they analyze the model as a
computational tool to identify what rules the model is following? To answer this question, the
Computational Modeling Inventory engaged students with the concept of rules. Rules sit between
science concepts and computer code. They are plain language statements that describe the behavior
or quantity of objects in the model. The concept of representing a computational model as a set of
rules or instructions is typical of introductory computer science education. For example, students
are often asked to write a set of rules for making a peanut butter and jelly sandwich [8]. The rules in
the Computational Modeling Inventory were written to be interpretable by middle school students,
and to focus on key model behaviors and common alternative ideas.

We examined this research question with the plant growth and global climate models, through
Rule Sorting. Rule Sorting tasks include a set of proposed rules and ask students to sort them into
two categories: Rules used by the computer vs. Rules not used by the computer. These questions
examine if students can see computer models as instantiations of programmed rules, as opposed
to viewing the models as showing the scientific phenomenon directly, or as a system without
underlying logic. If students can identify the rules behind a computer model, then they are closer
to understanding that a scientific model is not simply a graph, or an animation, but rather is
the underlying rules and assumptions that produce those visualizations. The rules are written
at the level of object behaviors, not individual lines of code. The behaviors in the rules follow
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computational thinking patterns for simulations, such as collision, absorption, and generation [38].
Therefore, Rule Sorting questions include proposed rules on specific model behaviors (eg., that
total glucose made increases while the light is on) that, combined with other behaviors, results in a
model that is consistent with key scientific concepts (e.g., plants make extra glucose during the day,
and storing this excess lets them survive at night). While the rules were not written at the level of
individual lines of code, they were written to align with the actions that code can perform, such as
updating the value of a variable. Therefore, we use the phrasingWhen light is on, total glucose made
increases, to align with the idea of a variable total_glucose_made, whose value increases when
the light is on. Students sorted the rules, but were not asked for their reasoning. For the chemical
reactions model, we proposed one rule and asked students if the model was following it or not, and
to explain their reasoning.
To address part (1) of this research question, both Rule Sorting tasks include proposed rules

which contradicted each other (e.g., Total glucose used always increases vs. When light is off, total
glucose used decreases), and we examine how often students thought a model followed both rules
in a contradictory pair. The Rule Sorting task for plant growth additionally address parts (2) and (3)
by: (2) including proposed rules which refer to variables that are relevant to photosynthesis but are
not portrayed in the model; and (3) including “rules” which are phrased as non-operationalized
science concepts.

The distinction between a scientific concept and the way it is operationalized in a model is subtle,
but important. The underlying code for a computer model must describe concrete system actions,
not overarching scientific principles. While the plant growth model is consistent with the scientific
idea Plants use light to make glucose in photosynthesis it operationalizes the idea in a particular
way: when the light is on, the plant makes a set amount of glucose per unit time, which increases
the running total amount of glucose made (that is,When light is on, total glucose made increases).
Another model could operationalize the same idea in a different way, perhaps by including carbon
dioxide in the model and specifying that light and carbon dioxide must both be present for glucose
to be produced. The alternate model would still be consistent with the scientific idea, but would
not follow the same particular rule, since turning on the light would not be the sole criterion for
making glucose. Recognizing that an overarching idea can be implemented in different ways is
crucial for understanding why different models can have different levels of accuracy, even if they
all implement the same general principle. Therefore, we examine if students can make a distinction
between a scientific concept (Plants use light to make glucose in photosynthesis) and an operational
rule that defines the behavior of a model (When light is on, total glucose made increases).

Finally, to address part (4), we investigate model behaviors that are not the direct result of a single
underlying rule, but are emergent patterns. The distinction between a model rule and an emergent
pattern is also subtle, because emergent patterns can be described with operational model rules, and
the behavior of the model is consistent with such rules. The subtlety lies in the difference between
a rule being consistent with the model’s behavior and being necessary for the model’s behavior. For
example, in the plant growth model, the amount of glucose in storage goes down when the light is
off. However, the rules When light is off, total glucose stored decreases and When light is on, total
glucose stored increases are not necessarily part of the model, since the same behavior would be
demonstrated with a rule that defines a change in glucose stored as the difference between glucose
made and glucose used. We further examine students’ thinking about rules and emergent patterns
by asking if a proposed rule must be part of the chemical reactions model, and asking students to
explain their reasoning.

Students responses to the Rule Sorting questions illuminate how they think computation happens
within the simulation. The concepts of what rules are possible, how rules are connected to behavior,
and how rules interact with each other point to students’ ideas about notional machines [10] for
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simulations. Sorva’s excellent literature review explains “a notional machine is a characterization
of the computer’s role as executor of programs” [49, p.2]. Just as programmers need a conception of
a notional machine to think about the relationship between their code and a running program [49],
the students in this study rely on a mental model (albeit an implicit one) of a notional machine to
connect a simulation’s rules and behaviors.

5.1 Rule Sorting
In each Rule Sorting question, half of the proposed rules are correct model rules, and the rest
are not. All proposed rules for global climate refer to the animation, with all incorrect rules
directly contradicting the animated behaviors. Some rules for the plant growth model refer to
the animation, and some to the graph, with incorrect rules directly contradicting the graph or
animation. Additionally, some incorrect rules for plant growth reference variables that are not
included in the model, and one rule describes a correct science concept that the model portrays,
rather than the way this concept is operationalized in the model. The proposed rules and frequency
of selection are shown in Table 2 and Table 3 for plant growth and global climate, respectively (note
that percentages may not total 100 due to rounding). Workgroups are included in this analysis if
they submitted an answer to a rule sorting question (even if the answer was blank); 213 workgroups
are included overall.
Students were directed to run the models in ways that would show the behaviors targeted by

the rule sorting questions. On the Rule Sorting item for the plant growth model, students were
directed to run the model for 4 weeks (with the light on by default) and then turn the light off.
Running the model this way shows all of the behaviors that the rule sorting item targets: when
the light is on, new molecules of glucose appear on the plant’s leaves, and on the graph, the lines
for total glucose made (rule 5), used (rule 3), and stored (rule 7) increase. When the light is off, no
new glucose appears on the leaves, and on the graph, the line for total glucose made is flat (rule
1). Since the plant is not making new glucose, it must use the glucose it has already stored. The
animation shows glucose molecules fading and then disappearing. On the graph, the line for total
glucose used keeps increasing (rule 3), and the line for total glucose stored decreases (rule 6). After
several weeks in the dark, the plant’s stores of glucose are depleted, and when the plant dies, the
graph shows the total glucose stored is at 0 (rule 4) and the line for total glucose made intersects
with the line for total glucose used. Both the animation and the graph indicate that the amount of
glucose the plant has in storage is the cumulative amount it has made minus whatever has been
used already (rule 2), but arriving at this conclusion requires some interpretation.

For the global climate model, students were told to run the model first without greenhouse gases
(the default) and then to press the “Run Factory” button. When that button is pressed, greenhouse
gases emerge from the factory and start bouncing around the atmosphere. These instructions were
part of an item that came immediately before the rule sorting item. The model was included on the
same page as the rules to be sorted, but the instructions for using the model were not repeated.
All of the behaviors targeted by the rule sorting item can be observed by running the model with
greenhouse gases. Even with the smallest amount of greenhouse gases, there are enough molecules
that collisions between the gas molecules and solar and infrared radiation can be observed within
5 seconds (likewise for the solar and infrared radiation moving to different parts of the simulation).
The model begins with solar radiation coming down from the top, and heat dots bouncing around
in the interior of the Earth (the pink stripe). Solar radiation (the yellow arrows) starts from the top
of the model and moves downward. When solar radiation hits a greenhouse gas, each continues in
its original direction (rule 1). The solar radiation continues until it hits Earth’s surface (the green
stripe). Then, the solar radiation either gets reflected (bounces off and starts moving back to the
top of the screen) or gets absorbed as heat (rule 6, the yellow arrow disappears, a red dot appears
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in its place, and the red dot continues into the interior of the Earth). When a solar radiation arrow
reaches the very top, it disappears (rule 2). When a heat dot hits the surface of the Earth, it either
bounces back down or it converts into infrared radiation (rule 5, the dot disappears and a red
arrow appears in its place, moving in its original direction, away from Earth’s surface). When a red
infrared radiation arrow hits a greenhouse gas molecule, the infrared radiation changes direction,
and keeps moving in the new direction (rule 3). When a greenhouse gas molecule hits the top of
the screen or the surface of the Earth, it bounces off, staying in the atmosphere (rule 4).

Table 2. Rule Sorting for Plant Growth (N=207). Question Prompt: Run the model below. Try turning the light
off after 4 weeks and observe the graph. The computer follows a set of rules to create the model for plant
growth. The model produces the graph showing the relationship between light and the use of glucose inside
a plant. Sara is trying to figure out the rules the computer used to create the graph, but some of her rules are
not correct. She wrote these rules, below, about what happens when the plant is alive. Help Sara by
dragging the rules below into the correct buckets. (Bold in original)

Proposed Rules that the Model is Following
While the Plant is Alive

Sorted
Correctly

Sorted
Incorrectly

Not
Sorted

1. When light is off, total glucose made stays the same.
Observable in the graph, but requires the realization that the graph
is cumulative.

53% 36% 10%

2. Total glucose stored = Total glucose made - Total glucose used.
Requires graph interpretation and understanding of the science
content in the model. This correct rule is contradicted by rule 13.

54% 32% 13%

3. Total glucose used always increases.
Observable in the graph. This correct rule is contradicted by
rules 12 and 14.

57% 32% 10%

4. When total glucose stored is 0, the plant dies.
Observable in the graph. 73% 16% 10%

5. When light is on, total glucose made increases.
Observable in the graph. 79% 10% 11%

Unnecessary/Redundant Plant Growth Rules
Sorted In
Model

Sorted Not
In Model

Not
Sorted

6. When light is off, total glucose stored decreases.
Observable in the graph. 77% 14% 8%

7. When light is on, total glucose stored increases.
Observable in the graph. 77% 13% 10%

Proposed Rules that the Plant Growth Model Is Not Following
Sorted

Correctly
Sorted

Incorrectly
Not

Sorted

8. Plants use light to make glucose in photosynthesis.
A correct science concept that is consistent with the model, but is
not phrased as an operationalized rule that specifies a behavior.

32% 56% 12%

Continued on next page
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Table 2: Plant Growth Rules, continued from previous page

Proposed Rules that the Plant Growth Model Is Not Following
Sorted

Correctly
Sorted

Incorrectly
Not

Sorted

9. Plants use carbon dioxide in photosynthesis.
A correct science concept, but not an operationalized rule that specifies
a behavior. Further, this model does not include carbon dioxide.

49% 40% 11%

10. Plants release oxygen in photosynthesis.
A correct science concept, but not an operationalized rule that
specifies a behavior. Further, this model does not include oxygen.

53% 36% 11%

11. When the light is off for 4 weeks, the plant dies.
Observable from the model that this is not true - it depends on how
long the light was on previously.

55% 37% 8%

12. When light is off, total glucose used decreases.
Observable from the graph that this does not happen. This rule
directly contradicts rule 3.

57% 32% 10%

13. Total glucose stored = Total glucose made + Total glucose used.
Requires graph interpretation and understanding of the science
content in the model. This rule is directly contradicted by rule 2.

59% 28% 13%

14. When light is off, plants do not use glucose.
Observable from the graph that this does not happen. This rule is
contradicted by rule 3.

74% 14% 11%

Table 3. Rule Sorting for Global Climate (N=169). Question Prompt: The computer follows a set of rules to
create a model. This model produces graphs showing how greenhouse gases and temperature change over
time. 1) Observe the relationship between greenhouse gases produced by the factory and these forms of energy:
Solar Radiation, Heat, Infrared radiation. Press “Watch GGas” at a slow speed to help. 2) Observe the graph to see
how the greenhouse gases and temperature change in response to the model. Terry is trying to figure out the
rules the computer used to create the graph, but some of her rules are not correct. She wrote these rules,
below. Help Terry by dragging the rules below into the correct buckets. (Bold in original. The portion
in italics is embedded in the Global Climate model and includes the key, as shown in Figure 3).

Proposed Rules that the Model is Following
All are directly observable in the model.

Sorted
Correctly

Sorted
Incorrectly

Not
Sorted

1. When solar radiation hits a greenhouse gas, it will keep moving
forwards. Contradicts rule 9. 64% 27% 9%

2. When solar radiation reaches the top of screen, it will always
disappear. Contradicts rule 7. 65% 29% 7%

3. When infrared radiation hits a greenhouse gas, it will change
direction. Contradicts rule 12. 65% 24% 11%

Continued on next page
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Table 3: Global Climate Rules, continued from previous page

4. When greenhouse gas hits surface of the earth, it will always
change direction. Contradicts rule 11. 70% 23% 7%

5. When heat reaches the top layer of the earth, it will sometimes
convert into infrared radiation. Contradicts rule 8. 73% 24% 3%

6. When solar radiation reaches ground, it will sometimes convert
into heat. Contradicts rule 10. 82% 12% 5%

Proposed Rules that the Global Climate Model Is Not Following
Sorted

Correctly
Sorted

Incorrectly
Not

Sorted

7. When solar radiation reaches the top of screen, it will sometimes
change direction. Contradicts rule 2. 57% 32% 11%

8. When heat reaches the top layer of the earth, it will always
change direction. Contradicts rule 5. 57% 34% 9%

9. When solar radiation hits a greenhouse gas, it will change
direction. Contradicts rule 1. 58% 35% 7%

10. When solar radiation reaches ground, it will always convert
into heat. Contradicts rule 6. 62% 28% 10%

11. When greenhouse gas hits surface of the earth, it will
sometimes disappear. Contradicts rule 4. 68% 24% 8%

12. When infrared radiation hits a greenhouse gas, it will convert
into heat. Contradicts rule 3. 72% 18% 10%

5.1.1 Rule Sorting Overall Results: When students interact with computer models, they can identify
some of the rules a model is following. Analyses include workgroups that submitted answers to
the Rule Sorting questions (including blank answers): 201 workgroups sorted at least one rule
for the plant growth question, and 6 workgroups submitted blank answers to that question; 168
workgroups sorted at least one rule for the global climate question, and 1 workgroup submitted a
blank answer to that question. More workgroups submitted answers to the plant growth question
than the global climate question because the plant growth question was presented earlier on the
assessment. In all, 213 workgroups submitted an answer to at least one of those questions. 163
workgroups submitted answers to both questions, and 159 submitted non-blank answers to both
questions. No workgroups in the analysis submitted blank answers to both questions, though 3
workgroups submitted blank answers to the plant growth question and did not submit any answer
for the global climate question.

The vast majority of workgroups in this analysis sorted all of the rules: 177 (86%) did so for the
plant growth model, and 149 (88%) did so for global climate. The pattern of responses indicates that
students were not guessing randomly on these items: binomial tests for population proportions on
sorted responses, by rule, indicate that most of the proportions are significantly different from 50%
(note that these tests excluded workgroups, by rule, that did not sort that rule). 11 plant growth
rules and all global climate rules are significant at 𝑝 < .01, and 2 plant growth (rules 1 and 10) are
significant at 𝑝 < .02. Only one rule, rule 9 from the plant growth model, had a proportion that did
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not differ significantly from 50% (𝑝 = .16). This analysis indicates that, overall, the students sorted
the rules thoughtfully, rather than guessing randomly.
In examining the average number of rules correctly sorted for each model, we find that Rule

Sorting was not simple for students. For the global climate model, all rules are either directly
observable in the animation or are directly contradicted by the animation. These rules are all
expressed in an operational manner. On average, workgroups sorted 66% of these rules correctly,
with the remaining rules sorted incorrectly or not sorted. 99% of workgroups sorted at least one
rule correctly; 80% were correct on six or more; and 21% were correct on all 12. It was easier for
students to accept a correct rule than reject an incorrect rule, with 70% of correct rules sorted
correctly, and 62% of incorrect rules sorted correctly. A paired-samples 𝑡-test on the number of
correct and incorrect rules that each workgroup sorted correctly shows that this difference is
significant (𝑡 (168) = 5.59, 𝑝 < .001). Still, performance on these two types of rules is strongly
correlated (Pearson’s 𝑟 = .80, 𝑛 = 169, 𝑝 < .001), indicating that students who are more able to
accept correct rules are also more able to reject incorrect rules. Finally, the climate model rules
showed good reliability as a scale (Cronbach’s alpha is .78, and that measure would not be improved
with the deletion of any single item).

The proposed rules for the plant growth model are more complex than those proposed for the
global climate model. One complexity comes from two rules which do not contradict the model, but
also are not necessarily part of the model because they are redundant with other correct rules. Since
legitimate arguments can be made on their correctness, we analyze them separately. To examine
results across types of rules, we score each rule independently: 1 if sorted correctly, 0 otherwise.
The average score for the redundant rules is 77%, and the average score for the remaining rules is
58%. 96% of workgroups sorted at least one observable rule correctly; 67% were correct on four
or more, and 26% were correct on all seven. The rules that were observable in the model were
easier for students to sort correctly compared to the other rules, with average scores of 64% for
sorting observable rules and 50% for sorting the other proposed rules (excluding the redundant
rules). A paired samples 𝑡-test on the proportion of observable and non-observable rules that
each workgroup sorted correctly shows that this difference is significant (𝑡 (206) = 7.17, 𝑝 < .001),
indicating that it is easier for students to tell if a model is following a rule or not if the proposed rule
is directly observable or directly contradicted in the model, as opposed to other kinds of rules. As
with the global climate rules, it was easier for students to accept correct rules than reject incorrect
rules, with 64% of correct rules sorted correctly and 54% of incorrect rules sorted correctly. A paired
samples 𝑡-test on the proportion of correct and incorrect rules that each workgroup sorted correctly
shows that this difference is statistically significant (𝑡 (206) = 6.27, 𝑝 < .001). Still, performance
on these two types of rules is strongly correlated (Pearson’s 𝑟 = .76, 𝑛 = 207, 𝑝 < .001), indicating
that students who are more able to accept correct rules are also more able to reject incorrect rules.
Overall, the plant growth model rules showed good reliability as a scale (Cronbach’s alpha is .85,
and that measure would not be improved with the deletion of any single item).

While the plant growth question was harder overall, the observable rules posed similar difficulty
levels for both plant growth and global climate. Of the 163 workgroups who submitted answers to
both questions, average scores were 67% correct on the global climate rules and 64% correct on
the observable, non-redundant rules in the plant growth model. A paired 𝑡-test shows that this
difference in scores for observable rules is not significant (𝑡 (162) = −1.33, 𝑝 = .18). While the global
climate rules all pertained to the climate animation, the observable plant growth rules pertained to
the dynamic cumulative graph. We were surprised that performance was not significantly different
across the two contexts (graph and animation), since the graph is more abstract. 23 of these 163
workgroups (14%) sorted all observable, non-redundant rules correctly across both questions.
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Analysis of the Rule Sorting tasks indicate that students took the tasks seriously and that the
scales are coherent. Each rule was sorted by at least 86% of the workgroups, and binomial tests
indicate that for 25 out of 26 rules, workgroups were not randomly guessing between the two
options. Both Rule Sorting tasks demonstrate coherence, with Cronbach’s alpha of .78 and .85 for
the global climate and plant growth tasks, respectively, indicating that each Rule Sorting task has
adequate reliability.

5.1.2 Discussion. Students identified model rules to a moderate extent: above chance but far
below ceiling for rules that were either directly observable or directly contradicted by the model.
Notably, the interactive models were included for each question, and most students in the sample
had previous exposure to these models: 98% of students in the sample had studied a unit with
the plant growth model, and 68% had studied a unit with a global climate model with the same
animation as the assessment (and all of the global climate rules referred to the animation, not the
graphs).

Students’ sorting of observable rules indicates that it is not easy for them to identify key model
behaviors. Correct rules for the global climate and plant growthmodels (e.g.,When infrared radiation
hits a greenhouse gas, it will change direction and Total glucose used always increases) were sorted
correctly by 65% and 57% of workgroups, respectively. The behaviors that follow from these rules
are directly observable in the model and the graph, and embody crucial ideas about climate change
and plant growth. We suspect that difficulty recognizing model rules poses a barrier to students’
understanding of the science and of modeling as a practice. We do not believe it is necessary
for students to identify every model rule, or to express these rules at the level of computer code.
However, if students are to extract important cause-and-effect relationships from these models,
logical prerequisite steps include observing the behaviors that portray those relationships and
interpreting those behaviors as outcomes of programmed rules. Connecting rules with observable
behaviors is the first step in considering the algorithms behind the models. The logic of a notional
machine may also be helpful [49], by making explicit that all observable behaviors are caused by
the underlying rules.

5.1.3 65% of workgroups think model rules can contradict each other. The Rule Sorting tasks also
show that students often think a computer model can follow contradictory rules. For the plant
growth model, two correct rules were contradicted by incorrect rules (e.g., Total glucose used always
increases vs.When light is off, total glucose used decreases). For the global climate model, each correct
rule was contradicted by an incorrect rule (e.g., When solar radiation reaches the top of screen, it
will always disappear vs. When solar radiation reaches the top of screen, it will sometimes change
direction). Separately from assessing students’ evaluations of the proposed rules, we examined how
often students think the computer is following both rules from a contradictory pair. For the plant
growth model, 49 of 207 workgroups (24%) indicated that the model followed at least one pair of
contradictory rules; for the global climate model, 103 of 169 workgroups (61%) did so. Of the 163
workgroups who submitted answers to both questions, 106 (65%) indicated that at least one model
would follow at least one pair of contradictory rules. This was not because students were guessing
that the computer followed all proposed rules, which no workgroup did for either model.

5.1.4 43% of workgroups rejected rules that referred to variables that were not in the model. When
interacting with computer models, which are necessarily simplifications of real-world phenomena,
students may be confused about the many factors which relate to a phenomenon in real life
versus the limited number of factors that are portrayed in the model. Two proposed rules for
the plant growth model present the correct scientific concepts that plants use carbon dioxide
and release oxygen in photosynthesis. However, carbon dioxide and oxygen are not part of the
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plant growth model. Yet, only 102 workgroups (49%) correctly sorted the rule for carbon dioxide;
109 (53%) correctly sorted the rule for oxygen. 89 workgroups (43%) sorted both rules correctly,
and 62 workgroups (30%) incorrectly indicated that the model included both rules. However, 29
workgroups (14%) declined to sort one or both rules. Considering only the 178 workgroups who
sorted both rules, 89 workgroups (50%) sorted both correctly, 62 workgroups (35%) thought the
model included both rules, and 27 workgroups (15%) thought the model included only one of those
rules.

5.1.5 56% of workgroups cannot distinguish between a science concept and the way that concept
is operationalized in a model. The most difficult rule to sort was the proposed rule for the plant
growth model Plants use light to make glucose in photosynthesis. 67 workgroups, or 32%, correctly
sorted it as not a rule the model was following, with 116 workgroups, or 56%, saying the model was
following that rule. This rule was particularly difficult because light is a variable in the model, and
the model overall is consistent with this statement. However, as discussed in the introduction to
the Rule Sorting results, this “rule” does not operationalize the concept by describing the behavior
or quantities of objects in the model.
61 of the 67 workgroups (91%) who correctly rejected Plants use light to make glucose in pho-

tosynthesis also correctly accepted When light is on, total glucose made increases (Table 4, left).
This proportion was not higher among groups who incorrectly accepted Plants use light to make
glucose in photosynthesis (87%). Examining the 187 workgroups who sorted one or both of those
rules, a Fisher Exact test on a Table 4 (left) shows that there is no significant relationship between
the two questions (𝑝 = .36; 95% confidence interval of the difference between the proportions
of workgroups who were correct on the concept for light given their correctness on the rule for
light is -.1 to .3; considering only the 180 workgroups who sorted both rules, the relationship
remains not significant, 𝑝 = .45). There is a relationship between thinking that the model follows

Table 4. Relationships between correctly rejecting the concept Plants use light to make glucose in photosynthesis
and correctness on other rules: at left, accepting When light is on, total glucose made increases (for the
workgroups sorting one or both rules); at right, rejecting Plants use carbon dioxide in photosynthesis and Plants
release oxygen in photosynthesis (for workgroups sorting all three rules).

N=187
Accepted
the concept
for light

Rejected
the concept
for light

Rejected
the rule
for light

17 6

Accepted
the rule
for light

103 61 correct
on both

N=178
Accepted
the concept
for light

Rejected
the concept
for light

Accepted a
rule for O2,
CO2, or both

74 15

Rejected
rules for
O2 and CO2

39 50 correct
on all 3

the rule Plants use light to make glucose in photosynthesis and thinking that the model is following
rules that refer to carbon dioxide or oxygen (Table 4, right). Examining the 178 workgroups who
sorted all three of these rules, a Fisher Exact test on Table 4 (right) shows that there is a significant
relationship between rejecting Plants use light to make glucose in photosynthesis and rejecting rules
with non-represented variables (𝑝 < .0001). Of the 113 workgroups who incorrectly accepted the
concept about light, only 39 (35%) correctly rejected both rules that referred to carbon dioxide or
oxygen; of the 65 workgroups who correctly rejected the concept about light, 50 (77%) correctly
rejected both rules that referred to carbon dioxide or oxygen. From the other direction, of the 89
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workgroups who correctly rejected the two rules that referred to carbon dioxide or oxygen, 50 of
them (56%) also rejected Plants use light to make glucose in photosynthesis. Of the 89 workgroups
who incorrectly accepted either rule, only 15 workgroups (17%) correctly rejected Plants use light
to make glucose in photosynthesis.

5.1.6 Contradictions, Variables, and Operationalizations Discussion. The majority of workgroups
(65%) who answered both questions indicated that a model could follow contradictory rules. Middle
school students learning science often hold contradictory ideas simultaneously [23], and therefore
they may hold contradictory ideas about the models they interact with. Alternatively, they may
not recognize that two proposed rules are mutually exclusive. Students may be considering each
rule individually, and may need guidance to reflect on their selected rules as a whole. Selecting
contradictory rules illustrates the kinds of ideas students develop when the technology disappears.
Instruction that helps students integrate an understanding of algorithms with their learning from
models could help them appreciate the problems resulting from contradictory rules. Noticing
the impossibility of contradictions (from a computational perspective) may prompt more careful
thinking about the science to determine which rule is correct.
Students struggled to sort the two proposed rules for the plant growth model that refer to

variables that are not present, with only 43% of workgroups correctly indicating that neither
rule was used by the computer. These results suggest that many students think that computer
models somehow account for variables which they do not include. Identifying and distinguishing
between variables is an important form of decomposition. To learn the science and understand
how the simulation relates to the real world, students must take a scientific phenomenon and
conceptually break it up into parts. Students must also understand that only some parts will be
represented in the model. Correctly interpreting the results from a model requires students to
recognize which variables a model includes, and which contribute to a model’s assumptions and
limitations. A large minority of workgroups, 30%, thought the plant growth model included rules
for both carbon dioxide and oxygen. This suggests that students may think models include more
variables than they actually do, and therefore may interpret models as being more accurate than is
warranted. These findings indicate that when students know that certain variables are relevant to a
science phenomenon, they may assume that all models of that phenomenon include those variables.
Students who hold that assumption may have difficulty distinguishing between a model and the
science phenomena that the model represents.
Rule sorting indicates that most students do not distinguish between a science concept and

its implementation in model, with 56% of workgroups indicating that the model followed the
“rule” Plants use light to make glucose in photosynthesis. Computer models are valuable tools for
scientists precisely because they rely on operational rules rather than concepts; comparing different
operationalizations of the same idea can illuminate underlying mechanisms. While it is worthwhile
for students to learn that plants use light in photosynthesis, it is also important for students to
distinguish between a concept and the way the concept is operationalized. This distinction, between
what something is and what it represents, is a key part of computational abstractions.

Importantly, the vast majority of workgroups (91%) who correctly sorted this concept were
also correct in their sorting of the implementation of this concept in the model:When light is on,
total glucose made increases. These workgroups recognized that while the model did not directly
implement the concept, the model was still consistent with that concept. 29% of all workgroups
correctly sorted both the concept and the implementation, suggesting that, while most students
cannot make this distinction on their own, it is not unreasonable to expect that they could do it
with support.
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Further, these results show that there is a significant relationship between thinking that a
model can directly follow a concept and thinking that a model incorporates more variables than
it does. Of the workgroups who agreed that the model followed Plants use light to make glucose
in photosynthesis, a majority (65%) accepted rules that referenced oxygen or carbon dioxide. In
contrast, of the workgroups who rejected that concept about light, only 23% accepted rules that
referenced oxygen or carbon dioxide. This relationship underscores the importance of helping
students separate science concepts from their implementations: students who cannot recognize
the difference may also believe that models always include all necessary variables, which in turn
may lead students to believe that computer models are completely accurate and beyond critique.
Together, these Rule Sorting results show students’ non-scientific ideas not only about algorithms,
decomposition, and abstraction, but also about the notional machine as a whole. A version of Roy
Pea’s superbug, the idea that the computer is intelligent on its own [35], seems to be manifesting
here. In this context, instead of knowing about the programmer’s goals [35], the notional machine
is implicitly credited with knowing about the real world and being able to portray it. If asked
explicitly, these students would likely say that the simulation can only do what it is programmed
to do, like the novices Pea discusses [35]. Yet, again like Pea’s novice programming students [35],
these middle school students behave in a way that is consistent with the superbug.

5.1.7 95% of students who can identify necessary rules cannot distinguish between model behaviors
that follow directly from rules and emergent patterns. The two redundant rules for plant growth were
each accepted by 159 and 160 of the 207 workgroups (77%). 136 workgroups (66%) accepted both
rules. The redundant rules state that glucose stored increases when the light is on and decreases
when the light is off. This is consistent with the model’s behavior, but these rules are not required
for this pattern to emerge. Rather, this behavior is the result of four of the five correct rules that,
together, specify that (a) total glucose made only increases in the light (rules 1 and 5 in Table 2); (b)
total glucose used always increases (rule 3 in Table 2); and (3) total glucose stored = total glucose
made - total glucose used (rule 2 in Table 2). Of the 56 workgroups who accepted all four of these
required rules, 53 (95%) also accepted both redundant rules. One could make the argument that
rules 1 and 5 together could be considered redundant, or rule 3. In such cases the proportion of
workgroups accepting the designated “redundant” rules (given acceptance of the other rules) would
change to 53 of 65 (82%) and 53 of 62 (85%).
Responses to the redundant rules in the plant growth model suggest that students are likely to

agree that a model follows a rule if the model does not contradict that rule, even if that rule is not
necessarily part of the model. The distinction between rules that are necessarily part of a model
and behaviors that result from those rules in combination is important for understanding emergent
patterns. While parsimony is a value in computer programming, it is crucial for scientific modeling,
since it shows how complex behaviors of systems can result from simple behaviors of individual
actors. We investigate this issue directly in chemical reactions model.

5.2 An Emergent Pattern in the Chemical Reactions Model
Computer models are particularly suited to show emergent phenomena: complex outcomes that
result from a group of objects following simple rules. Emergent phenomena, such as a wave in a
stadium, are not caused by a single organizer, but rather the distributed actions of individuals who
only interact with their immediate neighbors. The increasing temperature in the chemical reactions
model (the red line on the graph), is an emergent phenomenon, the result of individual atoms and
molecules transforming potential energy to kinetic energy during a combustion reaction (Fig. 2).
The model does not directly specify that the temperature must increase, or even that the average
speed of the atoms and molecules must increase - it only specifies the behavior of the individual
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atoms and molecules. However, the same model behavior would result if the underlying model rules
did specify that temperature must increase. Emergent patterns are a key area where it is important
to make a distinction between the behavior of a model and the rules underlying the model. Using
top-down rules instead of rules that support emergence lead to models with less explanatory power
(they are less generalizable to other contexts) and also face inherent epistemological challenges:
in nature, how are the top-down rules enforced? A foundational step in recognizing an emergent
pattern in a model is realizing that an observable behavior is not necessarily the outcome of a
single rule that governs the system as a whole, even though such a rule would not be inconsistent
with the observed behavior.

To examine if students thought the overall temperature pattern was the result of a single rule,
we asked if they agreed with Tom, who states “the model must include a rule that says, ‘The
temperature must always be higher than 0 degrees Celsius.’ ” Students indicated if they agreed or
disagreed (multiple choice) and then were asked to explain their response. While this rule is not
inconsistent with the behavior of the model, its presence would invalidate the model as evidence
that the hydrogen combustion reaction is exothermic, because the temperature evidence in the
model would come from an arbitrary rule, not one that reflected the physical workings of the
reaction. This question aims to direct students’ thinking toward the difference between a model’s
behaviors and its rules.

5.2.1 98% of workgroups cannot distinguish between a model rule and an emergent pattern. The
Emergent Pattern question was given to 140 students of one teacher, working individually. (The
other classes saw an earlier version in which Tom proposed that the temperature could never
decrease. Most students refuted that hypothesis because, while the overall trend was increasing,
noise in the data led to occasional decreases, which were observable from the graph). On the
multiple-choice item, 84 students (60%) agreed that the model must include such a rule, 49 (35%)
disagreed, and 7 (5%) left that section blank (all 7 also left the explanation blank; 1 student agreed
on the multiple choice and left the explanation blank).
For students’ explanations of their choices, 8 responses (6%) were blank. The coding rubric

has seven categories (Table 5). Two categories are for incorrect answers: (1) Not Substantive
(off-task or repeating the multiple-choice selection without explaining their reasoning), and (2)
Not Scientific (unclear, incomplete, or strongly non-normative reasoning). Two categories are
for answers that partially link the rule to the underlying science: (1) Sub-Zero Temperatures are
Possible (these responses include assertions that the model included sub-zero temperatures, that
sub-zero temperatures existed in the world, or both), and (2) No Disconfirming Evidence (correct
observations that nothing in the graph or model contradicted the rule in question). Two categories
are for answers that fully link the rule to the underlying science: (1) The Reaction Cannot Occur
Below 0 (if the molecules were at or below 0, the combustion reaction would not occur), and (2)
The Reaction Can Occur Below 0 (if the molecules were at or below 0, the combustion reaction
could still occur). One category is for answers that link the rule to concepts relevant for emergent
patterns: Rule Would Be Invalid and/or Unnecessary for the Existing Model (the rule would make
the model invalid, and the behavior of the model would be the same with or without the rule). The
quotation in title of this paper is in this table (bolded). The complete response is “I agree because it
must included rules.” Notably, the response indicates that the student believes there must be rules
in the simulation, but does not offer any reasoning for determining if a particular rule is part of the
simulation.
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Table 5. Student responses by category, in order of sophistication, and by multiple-choice response. Students
were asked if they agreed with Tom, who states “the model must include a rule that says, ‘The temperature
must always be higher than 0 degrees Celsius.’ ” (N = 140). Student responses are presented verbatim.

Categories of Student Explanations, with Examples Agree Disagree

Blank: 8 (6%) 1 0

Incorrect: 48 (34%) 28 20

Not Substantive: off-task or unelaborated multiple-choice selection: 16
• “It doesn’t matter the temperature, it matters the color.”
• “I agree because it is a fact.”
• “i dissagree because its just not true”

9 7

Not Scientific: unclear, incomplete, or very non-normative reasoning: 32
• “It would be too cold for the molecules and they will die.”
• “I agree because it must include rules.”
• “That is not absolute zero 0 onthe scale of celvin is absolute zero.”

19 13

Partial Link of the rule and the model or the the science: 50 (36%) 35 15

Sub-Zero temperatures are possible (in the model, real life, or both): 15
• “the temperature can go below zero degrees celsius”
• “Because sometimes the temperature is -28 degrees and that’s below
zero and some places get that cold.”

• “You are able to go below 0 degrees, it’s not a rule.”

1 14

No Disconfirming Evidence: the model does not contradict the rule: 35 (27%)
• “I agree because on the graph it doesn’t show anything that is lower
than 0 degrees Celsius. This is so we can see the line on the graph the
whole time.”

• “I agree because on the chart it shows that the temperature is always
above 0 degrees Celsius.”

• “The temperature must always be higher than 0 degrees Celcius,
because since the molecules continue to move, it constantly heats up.
It’s as if it is a routine that the organism is used to.”

34 1

Full Link between the rule and the model or the science: 32 (23%) 20 12
Continued on next page
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Table 5: Emergent Pattern Categories, continued from previous page

The Reaction Cannot Occur Below 0: the model could not show the reaction
at sub-zero temperatures: 19

• “because with no tempture then there is no movement.”
• “I agree with Tom because the molecules would not move as fast and
they most likely wouldn’t separate and combine to make water
molecules.”

• “If the molecules aren’t above 0 degrees Celsius, the molecules wont
move at a speed needed. Causing a set back in the process.”

16 3

The Reaction Can Occur Below 0: the reaction could occur at (or reach) a
lower temperature: 13

• “because if left aloen long enf in a no other energy sores environment
the energy will get lower to a sertent point of freesing” [Because if left
alone long enough in a no-other-energy-source environment, the
energy will get lower to a certain point of freezing]

• “It dosen’t have to be because they could go slower.”
• “I agree because if the temperature is cold,the molecules won’t move
as fast.”

4 9

Full Link connecting the rule, emergent patterns, and the model or
the science: 2 (1.5%)

0 2

Rule Would Be Invalid and/or Unnecessary for the Existing Model: 2 (1.5%)
• “There are temperatures below 0 Celsius so therefore it wouldn’t make
sense to only include temperatures above or equal to that in order to
get accurate data.”

• “It doesn’t matter if the temperature must be higher than 0 degrees. It
will always get hotter.”

0 2

5.2.2 Emergent Pattern Discussion. Over 90% of students in the sample could not meaningfully
engage with the main issue in the question “Does the given model necessarily include a rule stating
that the temperature must be higher than zero degrees Celsius?” This was not because students
were off task - only 8% of students left the explanation blank and only 12% of submitted explanations
were not substantive. Rather, most students did not distinguish between the idea of a rule being
consistent with the model and being necessary for the model. The categories Sub-Zero Temperatures
are Possible and No Disconfirming Evidence categorize responses that look for consistency. In the
former category, students assert that sub-zero temperatures are possible, implying that the rule is
not consistent with the model (even though sub-zero temperatures are never show in the model).
In the latter category, students do not find any evidence of sub-zero temperatures in the model
or the graph, implying that the rule is consistent with the model. 50 students (38% of non-blank
responses) fall into one of those two categories. Responses in the categories The Reaction Can/Cannot
Occur Below 0 examine a slightly different question: could a similar model show the reaction with
temperatures below zero? The 32 students (10% of non-blank responses) in these categories express
interesting science ideas, including the difference between absolute zero and zero degrees celsius,
but do not directly address emergent patterns. Only two answers touch on ideas that are relevant
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to emergent patterns and model accuracy: that arbitrary rules not based on the underlying science
would make the model inaccurate, and that the pattern of rising temperature would still occur
without the rule in question.

These responses suggest that many students may be ready to learn about emergent patterns.
82 students (62% of non-blank responses) discuss evidence that is important for thinking about
emergent patterns in this context: that sub-zero temperatures exist in the real world, that sub-zero
temperatures may (or may not) affect this reaction, or that the existing model does not contradict
the proposed rule. While 7th graders appear ready to learn about emergent patterns, these results
indicate that they are unlikely to come up with them on their own. Emergent properties are part
of the Next Generation Science Standards [32], within the crosscutting concept of Systems and
System Models. However, emergent patterns are not linked to a particular grade level. The teacher
confirmed that these students were not taught about emergent patterns in 7th grade, and did not
believe they had been taught this topic earlier. It is not surprising that these students could not
explain how such a pattern emerged within a computer model. Therefore, we find it promising that
many responses indicate readiness to learn about this concept.
The concept of emergent patterns is particularly interesting as an example of the intersection

between science, modeling, and computation. Since a computer model can produce similar results
with an emergent pattern or a top-down rule, understanding the construction of the model is
important for drawing scientific conclusions. A pre-requisite for engaging with these ideas is the
computational knowledge of how rules relate to a model’s behavior.

5.3 Identifying Rules: Discussion
Model rules are crucial for understanding models as computational artifacts and as representations
of science phenomena. When students learn science frommodels, they are, at a high level, extracting
and interpreting the model rules (even if students don’t see themselves as doing this). Therefore,
tasks in the Computational Modeling Inventory examine the extent to which middle school students
can identify model rules when they interact with models. The Rule Sorting and Emergent Pattern
results show that students can thoughtfully engage with the concept of model rules. However, these
results also show student difficulties with decomposition, algorithms, and abstraction in models.
Sorting the rules required students to practice decomposition by examining each object individually
rather than considering the model as a whole. Therefore, difficulty sorting individual rules suggests
difficulty with decomposition. Thinking that model rules can be self-contradictory, or that every
model behavior is the direct result of a single rule, show weaknesses in student understanding of
algorithms. Finally, indicating that models include all relevant variables or that they can directly
incorporate concepts suggests amisunderstanding of the role and concept of abstraction inmodeling.
More broadly, this assessment examines computational thinking issues that are both high-level
and fundamental: What can computational tools do? How do computational tools work? This
assessment explores students’ ideas on these questions in a way that is intrinsic to the scientific
models. Together, these results suggest that computer models in science are a worthwhile context in
which to support computational thinking, and that strengthening computational thinking around
these models will enhance students’ learning of the science content.

Including incorrect rules in the Rule Sorting task allows for a richer exploration of students’ ideas
than would have been possible with the correct rules alone. When students build computer models,
they can implement rules that directly test a range of ideas, including incorrect ideas. When students
interact with pre-built, scientifically correct models, their opportunities to engage with incorrect
ideas are more limited. The next section examines using the context of model rules to prompt
engagement with incorrect ideas and assess understanding of the science content. Additionally,
while the Rule Sorting and Emergent Pattern items examined student ideas about model rules in
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a formal, explicit way, the items in the next section investigate student ideas about model rules
in an informal, more intuitive way: as the low-level behaviors that contribute to overarching
relationships.

6 EXPLAINING MECHANISMS: RESULTS AND DISCUSSION
The previous section examined students’ thinking about models as computational tools. This section
looks at how thinking about computation can affect the quality of students’ science reasoning.
Additionally, the questions in this section examine rules and algorithm from a different perspective.
While the Rule Sorting questions ask if individual rules are present or not, the questions in this
section ask what behaviors in the model would change if a given rule was edited.
What kinds of ideas are elicited by asking students to imagine a modified (and scientifically

incorrect) computer model as opposed to asking students about the science portrayed by a correct
model? Specifically, can students meaningfully engage with questions that ask them to imagine the
implementation of a new rule in a model, and can this type of question reveal additional insights
on students’ understanding of the science content? We ask this research question because when
students work with computer models in science, those models typically show correct science content
and the students cannot modify the underlying relationships between variables. Allowing students
to change what rules a model is following could help students see the connections between model
rules and model behaviors, and could improve students’ computational thinking, their thinking
about the underlying science, and their thinking on the connections between the two. In order
for students to deepen their science understanding, students would need to meaningfully engage
with a modified model by making predictions for how the new rule would change the model’s
behavior, and then observing what the actual effect of the new rule is. This section examines the
ideas elicited by students’ predictions on the effects of a new, scientifically incorrect rule compared
to the ideas elicited by students’ explanations of correct relationships in a model. In particular, we
examine mechanistic reasoning versus other kinds of responses.

6.1 Question Types: Typical vs. New Rule
Students typically learn from computer models in science class by interacting with the models
and then explaining relationships between variables they portray. The Computational Modeling
Inventory contains these types of typical questions as well as New Rule questions. New Rule
questions ask what would happen if a programmer changed the underlying code in the model.
Since New Rule questions ask about a hypothetical model that students cannot run, students must
reason through how the new model would behave. In the Computational Modeling Inventory, the
New Rule questions asked what would happen if a scientifically incorrect rule was implemented.
We compared students’ answers to each type of question to see if the different question types
elicited different kinds of ideas.

For the global climate model, students saw two typical questions targeting the same underlying
idea but with different phrasing (both were open-response). Students’ responses to these two
questions were combined and scored together as a single response to Greenhouse Gas (Prompts: 1.
Press SETUP, then press GO. Watch the model and observe the graphs. Then press RUN FACTORY.
Watch the model and observe the graphs. What is the effect of running the factory? 2. Explain how
the model shows the relationship between greenhouse gases and the temperature?). When the
model is run without greenhouse gases, Earth’s temperature is stable and low. When the factory
releases greenhouse gases, the temperature rises and stabilizes at a higher level. Students can see
evidence for this outcome by observing the temperature graph before and after adding greenhouse
gases to the atmosphere. To understand why the temperature rises, students must observe the
animation. Greenhouse gases do not increase the temperature directly, but rather through their
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interactions with infrared radiation. Heat from the Earth is released as infrared radiation. In the
model, greenhouse gases reflect this radiation back toward Earth’s surface, where it is absorbed as
heat again.
The New Rule question for global climate (also open-response) is Reflect Sunlight (Prompt: A

programmer added a new rule to this model: ‘When solar radiation reaches the surface of the earth,
the solar radiation will always bounce off.’ Given this new rule, what would be the effect upon
temperature compared to the original model?). Since the global climate model does not include
this rule, students cannot try it out. Instead, they must reason through how the new model would
behave: since all solar radiation would be reflected, none would be absorbed as heat. Therefore, the
temperature would be much colder than the original model.
The typical question for chemical reactions (open-response) is Temperature (Prompt: Press the

SPARK button and watch the model and observe the graphs. Explain the relationship between the
movement of the molecules and the temperature). The chemical reactions animation starts with
hydrogen molecules and oxygen molecules slowly floating around the animation screen. When
a spark is added, the molecule that the spark hits starts moving faster, and then any molecules
that are hit by that first one also start moving faster, and so on. When a collision occurs at a high
enough speed, bonds between two oxygen atoms or two hydrogen atoms can break, and a bond
between a single oxygen atom and a single hydrogen atom can form (as long as the oxygen atom
is already bonded to at most one hydrogen). When bonds change, the molecules move faster. On
the temperature graph, a red line shows the temperature over time. While there is some noise, the
general trend shows an increase in temperature as the reaction continues. Students can observe
that as the speed of the molecules increases in the animation, the temperature increases in the
graph.
The New Rule question for chemical reactions, Two Hydrogens Bond was in a Multiple Choice

+ Explain format (Multiple Choice Prompt: Suppose a programmer adds a new rule that says, ‘If
a single hydrogen collides with another hydrogen then they bond together.’ How will this rule
impact the formation of H2O in the model? Multiple Choice Options: It will likely produce more
water; It will likely produce less water; The amount of water will remain the same; There is not
enough information. Explain prompt: Explain your choice). To infer that a water molecule has
formed, students must observe the animation and identify the different molecules based on the key.
The model does not show numerically how many molecules of each type are present. However,
before the spark is added, all of the molecules are either hydrogen gas or oxygen gas, and when the
model is run for about 30 seconds after the spark is added, all or most of the molecules are water.

The typical questions address the key relationships that each model was designed to portray. The
key relationship in the Chemical Reactions model is the positive relationship between molecular
movement and temperature. The key relationship in the Global Climate model is the positive
relationship between greenhouse gases and Earth’s temperature. Students could learn these rela-
tionships by observing the temperature graphs and animations for each model. In the Chemical
Reactions model, the combustion reaction between hydrogen and oxygen produces water. Over
the course of the reaction, the molecules move faster and temperature increases. This is an iden-
tity relationship since temperature is a measure of the average speed of molecules. In the Global
Climate model, temperature rises after greenhouse gases are added to the atmosphere. This is a
cause-and-effect relationship, as greenhouse gases effectively trap infrared radiation.
The New Rule questions target some of the mechanisms behind phenomena portrayed in the

models. To answer the New Rule questions, students need to interpret aspects of the animations
that are not directly portrayed on the graphs. For Chemical Reactions, the new rule question asks
how the formation of water would be affected if single hydrogens bonded with each other whenever
they collided. To answer correctly, students must notice that water only forms when individual
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hydrogen atoms bond to oxygen: oxygen cannot bond to two hydrogens that are already bonded to
each other. Further, when two hydrogens are bonded together, energy is required to break that
bond. Noticing these details is necessary for students to fully understand the combustion reaction.
In the reaction, energy is released as weaker bonds in H2 and O2 are broken and stronger bonds
in H2O are formed. We did not expect students to understand this reaction in such depth from
simply exploring the model on this assessment. However, students’ responses to this question did
reveal what they noticed. Noticing what happens is necessary for students to then explore and
understand why it happens.
For Global Climate, the new rule question asks how temperature would be affected if all solar

radiation were reflected. To answer correctly, students must notice that the solar radiation that is
reflected from Earth’s surface escapes to outer space. Solar radiation that is not reflected is absorbed
as heat, which ultimately is re-emitted as infrared radiation. Therefore, if all solar radiation were
reflected, the temperature would be much lower. Understanding the role of solar radiation in
producing infrared radiation is crucial for understanding the relationship between greenhouse
gases and temperature: without infrared radiation, the relationship would not exist.

6.2 Scoring
For all four questions, responses were coded by the first author for outcome (identifying the
relationship in the model or the result of the new rule, coded as correct or incorrect) and for
reasoning (explaining the intermediate mechanisms behind that relationship or outcome, coded as
absent, partial/non-normative, or fully correct). All rubric categories, with examples, are presented
in their respective results sections below. Mechanisms for each question were scored as fully correct
if they offered a scientific explanation for why the correct outcome would occur; they were scored
as partially correct/non-normative if any other kind of explanation for the relationship was given
(including for incorrect relationships).

6.3 Global Climate Results
For Global Climate, 168 workgroups answered both the typical question (Greenhouse Gas) and the
new rule question (Reflect Sunlight); 40 left both blank; 18 only answered Greenhouse Gas, and 4
only answered Reflect Sunlight. The Global Climate analyses below exclude students who left both
questions blank.

6.3.1 Global Climate: Outcomes. Correct outcomes for the Typical question indicate that green-
house gases and temperature have a positive relationship. Correct outcomes for the New Rule
question indicate that temperature would decrease. Determining the outcome was much easier
for the Greenhouse Gas question than the Reflect Sunlight question, although neither was trivial.
Considering all non-blank responses for each question, 109 of 186 (58%) were correct on Greenhouse
Gas, and 53 of 172 (30%) were correct on Reflect Sunlight. Of the 168 workgroups who answered
both questions, 95 (57%) were correct for Greenhouse Gas, and 53 (32%) for Reflect Sunlight (Table
7). A McNemar test shows that this difference in performance is significant (𝑝 < .01).

That the typical question was easier is not surprising, because students could use the graphs to
answer it. However, this result illuminates a challenge for students in understanding one of the key
causal mechanisms in the model: that all of Earth’s thermal energy (heat and infrared radiation)
ultimately comes from Earth’s absorption of solar radiation, which does not occur when solar
radiation is reflected. While 57% of workgroups correctly indicated a positive relationship between
greenhouse gases and atmospheric temperature, only 24% of workgroups were correct on both
questions, suggesting that many students are detecting an overall cause-and-effect relationship
in the model without identifying the intermediate mechanisms that the relationship depends
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on. That is, students are detecting a relationship between greenhouse gases and temperature,
but are not understanding the role of solar radiation: the absorption of solar radiation and the
re-emission of that energy as infrared radiation is a necessary precondition for the relationship
between greenhouse gases and temperature. Exploring a model that implemented this incorrect
rule could help students identify gaps in their own reasoning.

6.3.2 Global Climate: Mechanisms. Workgroups were more likely to include mechanisms when
responding to the New Rule question (49/172, 28%), compared to the typical question (26/186, 14%).
Rubric categories and sample responses for these items are shown in Table 6. Of the 168 workgroups
who answered both questions, 29% (49/168) included mechanisms for the New Rule question, and
14% (24/168) did so for the typical question (Table 8). A McNemar test shows that this difference in
including mechanisms is significant (p < .01). That the New Rule question was more likely than the
typical question to elicit mechanisms is especially notable because the New Rule question did not
specifically ask students to explain the mechanism behind the new outcome.

Table 6. Categories of responses to the Greenhouse Gas (typical) and Reflect Sunlight (new rule) questions
for the global climate model. Percentages are out of the whole sample, N = 230.

Categories and Verbatim Student Responses for
1) Greenhouse Gas (Typical) and 2) Reflect Sunlight (New Rule) Typical New Rule

Total Explanations with Mechanisms 11% (26) 21% (49)
Fully Correct, Typical: Greenhouse gases trap/reflect infrared radiation, raising
temperature
(1) Th greenhouse gases coming out of the factory trap the infrared

radiation inside the atmosphere and redirect them back towards the
Earth. This made the temperature rise at a fast pace.

Fully Correct, New Rule: With the new rule, solar radiation would not get
converted to heat (and/or, would not ultimately convert to infrared radiation),
so temperature would decrease
(2) It would cool down because it would not convert light energy into heat

so there wouldn’t be as much heat.

7 11

Correct outcome with non-normative or partial mechanism:
(1) The model shows the relationship because the greenhouse gases keep

the heat inside the atmosphere.
(2) The tempurature would become cooler because there would be less heat.

11 21

Missing or non-normative outcome, with correct, partial, or non-normative
mechanism:
(1) The greenhouse gases are a lot more warmer than the actual tempater.
(2) The solar radiation will never put heat in the earth.

8 17

Total Outcomes without Mechanisms 43% (98) 24% (55)
Continued on next page
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Table 6: Categories and Sample Responses for Global Climate, continued from previous page Typical New Rule

Correct outcome:
(1) The more greenhouse gases, the higher the temperature
(2) The temperature would go down

91 21

Incorrect outcome:
(1) The greenhouse gasses makes the temperature go down
(2) The temperature of the atmosphere may increase but the temperature of

the Earth itself will most likely decrease.

7 34

Total Other Substantive Responses 13% (31) 7% (15)
Observations:
(1) The effect of running the factory is the concentration of green house

gases increased.
(2) some of the solar energy bounces of the earth and some enters it. we use

that energy for plants and stuff like that.

31 3

Misunderstanding the new rule:
(2) solar radiation will never reach earths air

N/A 12

Vague, nonsensical, or incomplete i dont know 13% (31) 23% (52)

Blank 19% (44) 26% (59)

6.3.3 Global Climate: Student Ideas. The mechanisms in students’ responses revealed students’
thinking much more than the outcomes alone. While the range of possible outcomes was limited
(temperature increases, decreases, or is not affected), the range of ideas in students’ mechanisms
was broad. The mechanisms elicited by the typical question encompassed many interesting ideas,
including that greenhouse gases create solar radiation (The greenhouse gases increases the atmo-
spheres temperature because it creates more solar radiation); conflating infrared radiation and heat
transfer through a medium (The model shows the relationship because the greenhouse gases keep
the heat inside the atmosphere); suggesting that greenhouse gases remove infrared radiation from
the atmosphere (The effect of the running factory is that some of the pollution gets rid of some of
the infrared radiation); and hypothesizing that heat from the factory itself causes climate change
(The energy from the factory produces heat that goes into the air). These kinds of answers, which
demonstrate students’ reasoning, are much more informative for assessing knowledge than answers
which only state the direction in which the temperature will change. These kinds of answers also
provide a rich starting point for discussions. Of workgroups who answered both questions, 14%
included mechanisms when responding to the Typical question. Just over twice that, 29%, did so
for the New Rule question.

Workgroups demonstrated many creative ideas in their mechanisms for the New Rule question.
Some ideas indicated the partial understanding that solar radiation produces heat, but also included
non-normative ideas, such as conflating heat within Earth’s interior and atmospheric temperature
(The temperature will drop because the solar radiation used to convert to heat) and failure to distinguish
between reflection and absorption (When the solar radiation hits the surfuse it leaves heat the ground).
Other responses indicated confusion on the relationship between solar and infrared radiation,
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and the properties of each, such as suggesting that solar radiation in the atmosphere increases
atmospheric temperature, as infrared radiation does (The earths temperature would become colder.
and the solar radiation would be only in the atmosphere causing it to become very hot), and indicating
that infrared radiation can be produced without absorption of solar radiation (No it wouldn’t because
the infrared radiation would still be made). Other responses conflated convection currents with
temperature measurements (The temperature will rise because heat rises) or indicated that the
new model would not be accurate (It will remove heat and infrared radiation, making the model
invalid). Since students may arrive at the same conclusion through different kinds of reasoning,
understanding students’ reasoning is crucial for accurate assessment and productive instruction.
Student responses from these two Global Climate questions suggest that asking students to make
predictions about the effect of a new, incorrect rule in a model may elicit more science reasoning
than typical questions. This pattern also holds for the Chemical Reactions questions. These results
show the value of using a computational lens to probe students’ science learning: considering how
the relationships are set up in the model led students to think more deeply about the science.

6.4 Chemical Reactions Results
For Chemical Reactions, the Typical question asked students to explain the relationship between
the movement of the molecules and the temperature (Open Response). The New Rule question
asked, “Suppose a programmer adds a new rule that says, ‘If a single hydrogen collides with another
hydrogen then they bond together.’ How will this rule impact the formation of H2O in the model?”
(Multiple Choice + Explain). Adding the new rule would reduce the amount of water produced,
since, in the existing model, hydrogens can only bond to oxygen when they are not bound to each
other, and it requires energy to break the bonds of two hydrogens. With the same amount of energy
added to the system by the spark, the outcome of this rule would be less water forming. We first
asked students a multiple choice question about the outcome of the rule, and then we asked them to
explain their choice. Open Response answers to the typical question were coded for the relationship
(that molecular speed and temperature increase together) and for a mechanism (any reasoning
to explain why this happens; the normative explanation is that temperature is a measurement of
molecular motion, and both increase because the combustion reaction releases energy). For the
New Rule question, the Multiple-Choice answers were used for scoring and analyzing outcomes,
and the Explain portion was coded for mechanisms (Table 7).
Of the 238 total workgroups, 198 answered both the Temperature (Typical) and Hydrogens

Bond (New Rule) questions; 27 left both blank; 2 workgroups answered Temperature but only
the multiple-choice section of Hydrogens Bond; 3 workgroups answered Temperature but did
not answer any portion of Hydrogens Bond. The analyses below exclude students who left both
questions blank. We note that the key to the chemical reactions model (Figure 2) inadvertently
reversed oxygen and hydrogen. Many workgroups appeared not to notice, and we did not penalize
the few workgroups who indicated that water was made of two oxygens and one hydrogen. Also,
the new rule would have the same outcome for a similar reason if it were applied to oxygen instead
of hydrogen. Rubric categories and examples for both questions are shown in Table 7.

6.4.1 Chemical Reactions: Outcomes. As with the Global Climate questions, students determined
the outcome for the Typical question more easily than for the New Rule question. Considering the
non-blank responses to each question, 117/203 (58%) were correct for Temperature, and 48/200
(24%) were correct on the multiple-choice selection for Hydrogens Bond. Considering only the 200
workgroups who answered both the Temperature question and the Multiple-Choice part of the
Hydrogens Bond question, 58% of workgroups were correct for Temperature, while only 24% were
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correct for Hydrogens Bond (Table 7). A McNemar test shows that the difference in performance
between the two questions is significant (𝑝 < .01).
That the Typical question is easier is not surprising, since students could find the answer by

running the model. However, the extent of students’ difficulty with determining the outcome of
the New Rule question is notable. As with the Global Climate responses, the outcomes in students’
answers suggest that they detected a general pattern in the model (the speed of the molecules has
a positive relationship with temperature), but did not notice key model behaviors (that water only
forms when single hydrogen atoms bind to oxygen, and that oxygen never binds to H2). Similar to
the results with Global Climate, even though it was harder for students to determine the outcome
for the New Rule question, it elicited more scientific reasoning.

6.4.2 Chemical Reactions: Mechanisms. While the Hydrogens Bond question was more difficult,
workgroups were more likely to propose a mechanism with that question compared to the Tem-
perature question. Considering all of the non-blank responses for each question, 105/198 (53%) of
the Hydrogen Bond question included a mechanism, while only 9/203 (4%) did so for Temperature.
Considering only workgroups who answered both questions, only 5% of workgroups included
mechanisms for the Temperature question, while 53% did so for the Hydrogen Bond question
(Table 7). A McNemar test shows that the difference in the inclusion of mechanisms is statistically
significant (𝑝 < .01).

Table 7. Categories of responses to the Temperature (typical) and Two Hydrogens Bond (new rule) questions
for the chemical reactions model. Percentages are out of the whole sample, N = 230.

Categories and Sample Responses for
1) Temperature (Typical) and 2) Two Hydrogens Bond (New Rule) Typical New Rule

Total Explanations with Mechanisms 4% (9) 46% (105)
Fully Correct, Typical: the formation of water is an exothermic
reaction (explaining molecular movement and temperature as an
identity relationship would also have been scored as fully correct)
(1) When the hydrogen atoms connect with the oxygen

molecules it causes a chemical reaction that results in H2O.
My theory is that the connection of the three atoms releases
some heat energy on contact.

Fully Correct, New Rule: less water will be produced because
oxygen atoms can only bond to single hydrogen atoms
(2) Oxygen molecules cannot be on Binding molecules only on

separate molecules.

1 2

Continued on next page
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Table 7:Categories and Sample Responses for Chemical Reactions,
continued from previous page Typical New Rule

Correct outcome with non-normative or partial mechanism,
OR, Correct mechanism with incorrect outcome
(1) The movement of the molecules causes it to make friction,

and heats the temperature in the other graph up. When the
movement of the molecules moves faster, it heats up more.

(2) It will produce less water because the more mass the slower,
so the molecules would not go rapid and will slowly produce
less water.

8 36

Missing or non-normative outcome with non-normative
mechanism:
(2) if a hydrogen bonds with another hydrogen it’s easier for

them to bond with oxygen and make more water
(2) If 2 hydrogen collide is will most likey make a bigger

hydrogen. There fore producing more water.

0 67

Total Outcomes without Mechanisms 51% (118) 13% (30)
Correct outcome:
(1) The temperature goes up as the molecules make H2O.
(1) The more they move the hotter it gets.
(1) When the temperature increases the molecules move faster.
(2) If there i s less water molecules there will be less water.

108 3

Incorrect outcome:
(1) when the tempture is higher the molucules move slower.
(2) I think more water will be produced.

10 27

Total Other Substantive Responses 22% (51) 7% (17)
Observations:
(1) The temperature goes up when the spark hits, and the

molecules move around fastly.
(2) The graph increases.

51 1

Misunderstanding the new rule:
(2) There is not enough information because it doesn’t tell what

happens with the oxygen.
(2) Because hydrogen and oxygen create water, so if you add

more hydrogen, it will join with the oxygen and create more
water.(H20)

N/A 15

Continued on next page
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Table 7:Categories and Sample Responses for Chemical Reactions,
continued from previous page Typical New Rule

Vague, nonsensical, or incomplete
More water = better chance of an organism to survive.

11% (25) 20% (46)

Blank 12% (27) 14% (32)

6.4.3 Chemical Reactions: Student Ideas. Since only 9 workgroups included mechanisms for
the Temperature question, there were only five distinct ideas for why molecular movement has
a relationship with temperature. Two ideas apply everyday reasoning to an atomic scale (each
proposed by more than one workgroup): that heat is caused by friction when molecules move (If the
molecules are fast then it will be warm because of the friction), and that atoms get warmer when they
move, like humans do (The more movement heats them up like a human gets warm exercising not
staying still). The remaining ideas for Temperature proposed that heat is created when molecules
break (As one hydrogen molecule breaks apart, the temperature goes up), form (The molecules touch
and it will create molecules that will heat it), or collide (the temperature rises when te molecules hit
each other). Each of these three ideas express partial understanding of why the combustion reaction
produces heat. The ideas in these mechanisms lend themselves to further discussion, and provide
a much fuller picture of student thinking than answers which only include outcomes (Molecules
move faster when the temp is high).
Proposed mechanisms for the New Rule question revealed many interesting student ideas on

the formation of water in the model. Many responses indicated partial understanding of science
concepts, including that water is made from two hydrogens and one oxygen, but without recognition
of how those atoms are connected (two hydrogen molecules are needed to create a water molecule so
the two hydrogen molecules collide, it is a step closer to becoming a water molecule). These responses
focus on the number of atoms and ignore how they are bonded. Other responses recognized that
two hydrogens are necessary to form water, and ignored the oxygen (When the two fuse, it creates a
H20 molecule making it, water).

Other responses reveal confusion around the ways that atoms and molecule combine, suggesting
that when two of the same atom bond, nothing changes (If a hydrogen collides with another hydrogen
it will still be a hydrogen), or it creates a larger atom (If they bond together then it will be just like
adding two together so they will be working together as a bigger size so it will be the same), or that
these larger atoms can then form larger molecules (We think it will produce more water because it
will combine and make one big H2O. We think this because if you add two things together that can
bond together, then it will probably make it bigger.) These ideas seem based on students’ normative
ideas about the physical world, and express confusion about which ideas apply to the atomic
scale. For example, when two drops of water combine, they form one large drop of water; it is not
unreasonable for students to apply this thinking to individual atoms. Some responses liken the
chemical reaction to cell division, indicating that water molecules can make copies of themselves
(It will produce less water because the double hydrogen will take up more room and the H2O in the
model will have less room to duplicate).

Other responses with mechanisms include correct ideas that are not elaborated fully: that after
two hydrogens bond, there will be fewer single hydrogen atoms (When they combine there would
be less hydrogen), that H2 is not the same as water (I think it will produce less water because if two
hydrogen molecules bond they will not create water but another object), and that the way oxygen
binds to hydrogen is important (The oxygen cant conect to hydrogen).
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The proposed mechanisms for the New Rule question reveal much more about students’ thinking
than the outcomes alone (If a single hydrogen collides with another hydrogen they bond together,
they will create more water). Further, many workgroups arrived at the same outcomes for different
reasons. When answers propose mechanisms, either normative or non-normative, rather than just
outcomes, they provide a better opportunity to understand what a student is thinking, and offer
clearer paths for instruction suited to the student’s needs. While the mechanisms that students
proposed for each question were interesting, workgroups were much more likely to propose them
at all in response to the New Rule question.

6.5 Explaining Mechanisms: Discussion
Comparing the responses to the Typical and New Rule questions shows that focusing on computa-
tional ideas can elicit deeper ideas about the science. Asking students to make predictions about the
implementation of incorrect rules led to more scientific reasoning about mechanisms than simply
asking students about a causal relationship portrayed in a correct model. This pattern was evident
for both model contexts, with twice as many workgroups proposing mechanisms with the New
Rule question compared to the Typical question for Global Climate (29% vs. 14%) and ten times
as many workgroups doing so for Chemical Reactions (53% vs. 5%). This result was not because
the New Rule questions were easier. Rather, it was harder for students to determine the correct
relationship or outcome for the New Rule questions compared to the Typical questions (32% vs.
57% correct for Global Climate, and 24% vs. 58% for Chemical Reactions).
Students’ mechanistic ideas are valuable because they reveal students’ thinking on why a phe-

nomenon happens, in terms that make sense to them [41]. When a student proposes a mechanism,
even for an idea that is not fully correct, a teacher can leverage that thinking to help the student
better understand the correct idea [41]. Eliciting ideas, normative or not, is important for learning,
since ideas which are not elicited cannot be inspected or challenged (a key tenet of the Knowl-
edge Integration Framework; [23]). Further, encouraging mechanistic reasoning is important for
enculturating students in the practice of science [41].

While mechanisms are valuable, prior work has demonstrated the difficulty in designing questions
that elicit them from middle school students. Work on a similar (but slightly more complex) climate
model found that, over three tasks (all Typical), 45% of responses consisted of correct outcomes
without mechanisms, while only 11% of responses included mechanisms (students were in middle
and high school; 13% of responses were misinterpretations of the model and were not differentiated
between outcomes and mechanisms) [34].
Why did the New Rule questions elicit more mechanistic reasoning? The New Rule questions

differed from the Typical questions in two main ways: they directed students’ attention to individual
rules rather than overall patterns, and they asked students to image a new model that did not
exist. First, the underlying model rules determine which mechanisms are present in a model and
how they are represented, so focusing on rules may help students think about mechanisms more
generally. Second, since students were asked about a hypothetical model, they could not test or
observe the relationship directly, as they could with the Typical questions. Once students found
the outcomes for the Typical questions, they may not have thought it necessary to identify the
intermediate actions that linked the initial cause and final effect. However, with the New Rule
questions, students needed to reason through what the effect of the rule would be in order to decide
how the new rule would affect the outcome. These two hypotheses have different implications for
instructional design. The first implies that any activity that focuses students on individual rules
will be beneficial. The second implies that students should not be able to test outcomes directly
until they have made detailed predictions.
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Responses to the New Rule questions suggest many benefits for instruction that allows students
to engage with incorrect model rules. Focusing on individual rules may help students think about
underlying mechanisms rather than overall cause and effect. Making predictions about incorrect
rules illustrates students’ thinking about the underlying science. Testing those predictions with a
model that implements incorrect rules may solidify students’ understanding of the science. Further,
students’ answers to the New Rule questions revealed some understanding that model rules can
create indirect effects (e.g., changing the behavior of solar radiation will affect temperature, even
though a direct effect on temperature is not specified). Helping students distinguish between direct
and indirect effects may provide a foundation from which to build understanding of emergent
patterns. These results show that middle school students can integrate their understanding of
science with their computational thinking, although they will need support for each knowledge
base to do so correctly. Students’ responses also show how they are thinking about computation.
In particular, students’ predictions of what would happen when a rule was changed seemed to be
based in their understanding of the science, not the other rules in the model.

7 IMPLICATIONS FOR INSTRUCTIONAL DESIGN
Questions in the Computational Modeling Inventory linked computational thinking and science
content knowledge through model rules, a strategy that yielded rich student ideas. The assessment
revealed that exploring pre-built models is a fruitful context for computational thinking, and that
questions with a computational lens elicit important student thinking about the science. With
pre-built models, students may dive in to exploring the science without explicitly noticing the
technology. Not needing to think about the technology is generally a goal for good design [33, 55].
However, for students to understand the science content and the models’ limitations, they need
think of the models as computational tools, and they need to know the basics of how computational
tools work and what they can and cannot do. The goal of instruction on computational thinking
with models should be help students approach computational models with a computational lens.

Students with a computational lens would use their knowledge of how technology works to help
them understand a new model. They would approach the model as working from programmed,
logical rules which can be guessed by observing the behavior of the model under different conditions.
They would recognize that the model cannot implement two contradictory rules. They would
identify which variables are represented in the model and which are left out. They would attribute
the model’s behavior to the programmed rules, and would not reference unoperationalized concepts
in their explanations of what the model was doing. On this assessment, students engaged with
the concept of model rules, but revealed misconceptions and gaps in their thinking about how
computational tools work. This work shows that using computational thinking to think explicitly
about computational tools is important when students use technology, not just when they make it.

7.1 Teaching Computational Thinking with Models
Our questions on the Computational Modeling Inventory revealed that middle school students
hold many non-normative ideas about algorithms and abstractions, and that they struggle with
decomposition and systems thinking. Instruction in computational thinking should target these
areas. The types of assessment presented here could be augmented with automated feedback and
serve as instructional activities. For example, in a Rule Sorting task, students can be alerted if they
select contradictory rules. Critique activities, such as identifying which variables are represented in
the model, and which relevant variables are not included, may also help students recognize which
rules a model is following. Finally, instruction should also allow students to engage with incorrect
rules, which can elicit student reasoning and provide a contrasting case that draws attention to
the correct rule. Rule Sorting may also offer possible interfaces for students to create and modify
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models, by offering students a set of rules which could be turned on or off. Such interfaces could
allow students to test incorrect rules without programming.
In particular, these results indicate that middle school students do not recognize emergent

patterns in computer models, but they demonstrate many skills that suggest preparedness for doing
so. Students considered: that the data generated by the model was consistent with the proposed
rule, how the model should behave under different conditions (e.g., a different starting temperature),
and that sub-zero temperatures exist in the real world. All of these ideas show that students are
making connections among model rules, model behaviors, the purpose and function of models,
and real-world experiences related to the phenomenon. Instruction on computational thinking in
science can build on this foundation and introduce more sophisticated concepts.

Questions in the Computational Modeling Inventory also showed that students could thoughtfully
answer questions about model rules. For middle-school science, rules should be written at a level
that emphasizes the key computational or scientific goals of the lesson. Therefore, the ruleWhen the
light is on, total glucose made increases will be acceptable for lessons on the basics of model rules and
glucose production, but a lesson on operationalization may ask students to compare more detailed
rules, such as For every day the light is on, total glucose made increases by X where X is a natural
number. Designers may infer rules from a model’s behavior when the designer does not have
access to the underlying code. Inferring rules is complicated when dealing with emergent patterns.
However, lessons can teach the concept of emergent patterns and propose several low-level rules
that would produce the same behavior as a high-level rule regardless of how the model was built.
Finally, the Computational Modeling Inventory elicited rich student ideas using only pre-built

models. This demonstrates that specialized environments are not necessary to engage students
in computational thinking. While programming and model-building environments allow for a
greater range of activities, designing instruction around pre-built models is a promising approach
for integrating computational thinking into science classrooms.

7.2 Enhancing Science Models with Computational Thinking
Results from the Computational Modeling Inventory show the benefit of a computational perspec-
tive when students work with science models. The Rule-Sorting questions reveal what students
think the model is doing in a more precise way than the science-only, open-response items. With
Rule Sorting, it is clearer which behaviors a student is observing in a model. Students must observe
behaviors and recognize them as functions of the model before students can synthesize those
behaviors and reflect on what they mean. When creating Rule Sorting items, instructional designers
should consider which model behaviors are most important and which are likely to be overlooked
or incorrectly inferred. The New Rule questions also revealed science ideas that the science-only
explanation items did not. In particular, the New Rule questions showed that students held many
non-normative science ideas even after interacting with the correct model (e.g., conflating solar
radiation and heat). The New Rule questions prompted students to think about a counterfactual
scenario, showing the value of having students engage with incorrect ideas. The New Rule questions
were successful at revealing students’ thinking because they elicited mechanisms. Framing models
as tools which follow a set of rules may help students distinguish between low-level rules and
overall outcomes, which is important for explaining how an overarching relationship results from
intermediate mechanisms. The questions from the Computational Modeling Inventory shows that
computational thinking can help students engage more deeply with the science, and that students
do not require decontextualized, non-science lessons on computational thinking to do so.
Since models are representations of scientific thinking, we argue that understanding model

rules is an important aspect of metarepresentational competence: the ability to implement, use,
evaluate, and revise representations [9]. Just as students often come to science class with prior
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conceptions of the target content, diSessa and Sherin [9] found that students have prior conceptions
about representations. Importantly, they argue that students’ knowledge about representations
interacts with their sense-making, in particular by allowing students to separate social conventions
from logical constraints (e.g., it is a social convention for higher y-values on a graph to indicate
“more,” but that is not an inherent requirement of graphs) [9]. Questions in the Computational
Modeling Inventory indicated that students have varied prior conceptions of the logical constraints
of computer models, and that students’ poor abilities to identifymodel rules may hampermeaningful
critique.
Prior work has found that when middle-school students create models in the context of a

curriculum focused on metarepresentational competence (also called metamodeling knowledge in
this context), they can develop sophisticated knowledge about what models are for, how models
are constructed, and meaningful ways in which models can be critiqued [21, 44, 45]. Therefore, we
hypothesize that instruction focused on model rules can enhance students’ metarepresentational
competence, computational thinking, and science learning.
A skill related to metarepresentational competence is representational fluency: “the ability to

reason with and among multiple representations” [31, p. 3]. An important distinction among types
of representations are those that show a single instance (e.g., a row in a table, a point on a graph)
versus representations that are holistic (e.g., an equation that shows a relationship, a graph of a
function) [31]. Holistic representations, like computer models, are necessary for fully representing
complex relationships. However, Nathan et al. show that for middle school students, learning to
reason with instance-based representations precedes reasoning with holistic representations [31].
We hypothesize that model rules are useful instance-based representations of computer models,
and that we can help students reason about computer models as a whole by helping them reason
about their component parts.

7.3 Limitations and Future Work
Results from questions on the Computational Modeling Inventory show promise for integrating
computational thinking and science. While the Computational Modeling Inventory explored the
assumptions students make about the computation behind models, it did not assess learning. Future
research should explore the relationships among instruction in computational thinking, the ability
to analyze the rules behind a model, and learning of the science content. Future work should
also examine different instructional approaches, including those based on the item types in the
Inventory.

This paper presents results from 7th grade students at two schools. Future work should include
a broader range of schools and grade levels, as students’ level of experience with models may affect
how they respond. Some student responses indicated misunderstanding of the questions, so future
work should explore how to word these types of items. While the assessment was done as part
of students’ science classes, it was not graded, and students may not have been trying their best.
Therefore, the results may underestimate students’ knowledge.

Results from the Computational Modeling Inventory also point to new questions for instructional
design at the intersection of science and computational thinking: How should instruction convey to
students that models are governed by rules? How should instruction support students in thinking
about these model rules as they explore pre-built models and begin to create their own? How can
instruction position students’ varied ideas as opportunities for learning more about the science
content and about computation? Future work could explore ways to redesign model interfaces to
strengthen connections between a model’s rules and its observable behaviors. For example, a model
could show which behaviors result from a specific rule, and instruction could contrast models
governed by different rules. Additionally, the rules selected for study in this paper were designed
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at a fairly abstract level. Further research is needed to compare methods for communicating rules,
including using a programming language to articulate the rules.

8 CONCLUSIONS
The Rule Sorting, Emergent Patterns, and New Rule items from the Computational Modeling
Inventory successfully elicited student ideas on the connections between model rules and science
content, and offer ways to measure computational thinking with science models. These items
revealed that 7th grade students are not fluent in the computational thinking skills that are required
to fully interpret a model. Only 14% of workgroups correctly identified all of the observable rules
in the Rule Sorting tasks; 65% indicated that a model could follow contradictory rules; 57% thought
a model took into account more variables than it did; 68% could not distinguish between a science
concept and the operationalization of that concept in a model; and 98% could not distinguish
between behaviors that directly result from model rules and those that are emergent patterns.
While 7th graders are not fluent in these skills, they engaged that tasks meaningfully and were
moderately successful on some of them (with average scores of 58% and 66% correct on the two
Rule Sorting items). Therefore, the tasks seem appropriate for middle school. We anticipate that
students would improve with instructional support.

The New Rule questions demonstrated advantages for asking students to consider hypothetical,
inaccurate model rules. Such questions can elicit deeper science reasoning than Typical questions
that focus on cause-and-effect relationships portrayed by the model. Consistent with the knowledge
integration framework, New Rule items often elicited intriguing student ideas about the scientific
phenomena, including ideas that were not supported by the pre-built (correct) model. Students often
used the pre-built model to test their ideas yet failed to reconcile the differences between their ideas
and the ones depicted in the model. They need additional guidance to reflect on their tests with the
model and to use this information to revise their insights. These results offer promise for instruction
that focuses on distinguishing between accurate and inaccurate rules in the context of pre-built
models. Instruction featuring New Rule questions can reveal gaps in student understanding and
may enhance students’ science learning.
Computational thinking skills with model rules are essential for students to analyze the impli-

cations of dynamic, scientific models. Specifically, students need to use decomposition when they
examine each element in the model individually and determine how it behaves in relationship to
other elements. Students need to use abstraction when mapping simplified elements and behaviors
in the model to the complex real-world entities and actions they represent. Students need to men-
tally analyze the algorithms that could generate the outcomes shown in the model. Student success
in these areas is reflected in their ability to identify a non-contradictory set of rules, to determine if
the model follows or violates a rule, and to realize that the computer model is a simplification of the
scientific phenomena. Furthermore, computational thinking expertise is reflected in student success
in recognizing when relevant variables are not included in a model and in distinguishing between
a correct science concept and the implementation of that concept in a model. The questions in the
Computational Modeling Inventory show how these computational thinking skills manifest in the
context of pre-built science models, and demonstrates the importance of these skills in using and
interpreting computer models of science phenomena.
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