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Twenty-seven 8th-grade students in a diverse urban school participated in 
“Disease,” a participatory-simulation activity (Wilensky & Stroup, 
1999a). Students used their own (networked) graphing calculators to 
manipulate computer-based agents. These agents moved and interacted in 
a shared virtual space that was projected onto an overhead screen. This 
design, a model built in the NetLogo multi-agent environment (Wilensky, 
1999) and networked with the HubNet technological infrastructure 
(Wilensky & Stroup, 1999b), facilitated a classroom simulation of the 
complexity of disease propagation. We report on the rationale and design 
of this activity as well as on students’ learning gains as measured by 
mixed-methods analysis of pre/mid/post-tests and interviews and through 
qualitative analysis of classroom discussion. The software and lesson 
plans are available online for free download at 
http://ccl.northwestern.edu/isme/ .  
 
 

1. Introduction 
1.1 Complexity Studies 

1.1.1 Complexity as a rising domain of study. It is import to introduce students to these 
ideas early on in their intellectual development (see related Standards, NCTM; 
Illinois; 2061; etc.) 

1.1.2 “Powerful Ideas” in Reasoning About Complexity  
§ A conjecture explored in this paper is that there is more to learning about 

complex systems than adopting new concepts. The study of complexity is 
historically very young, and so the concepts and jargon of the domain 
have not yet permeated popular discourse.  

§ In adopting forms of reasoning that are suitable for addressing complexity, 
a learner has to inhibit the application of heuristics that are suitable for 
simpler systems but are inadequate for complex systems. For example, a 
student might reason that a disease that initially propagates at a rate of one 
person per day will continue propagating at that rate (the “linear” model). 
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That is, this student would be ignoring the possibility of variation in the 
rate of propagation. To anticipate such variation, the student would need 
to reason about the propagation in terms of interactions between the agents 
in this system. 

§ That is, complex phenomena manifest emergent patterns that can be 
difficult to envisage given a system’s initial conditions, if one does not 
carefully consider the implications of recursion, iterative input–output 
feedback interactions, between the system’s agents, and if one does not 
allow for the possibility that these interactions result in variation in 
properties of the aggregate that is being examined. For example, only if 
one realizes that agents propagating a disease may infect other agents 
more than a single time and that therefore the number of agents that are 
being infected each moment is itself increasing, might one dislodge from 
the default assumption of linear propagation and consider the possibility of 
other courses of propagation (e.g., exponential).  

§ Alternatively, one might first notice that the rate of propagation is not 
uniform and only then inquire into the agent behavior that results in this 
variation at the aggregate level. We will often speak of the “agent level” 
and “aggregate level” as two foci of attention that are useful for 
complexity reasoning. Also, we will speak of “moving between levels” or 
“connecting levels” as a potentially effective form of complexity 
reasoning. These would be “powerful ideas” (Papert, 1980) of complexity. 

1.2 Modeling and Complexity 
1.2.1 Reasoning about complexity, and in particular about agent-level interactions, is a 

cognitively demanding task that can be facilitated through using modeling tools in 
modeling environments. 

1.2.2 Assumption: Modeling, as a form of reasoning, has the potential to augment 
student understanding of complexity. We assume that students who have 
opportunities to appreciate the efficacy of modeling will adopt elements of 
modeling in reasoning about situations that they identify as complex. Moreover, it 
may be beneficial for students to take an active role in modeling and debating 
complex phenomena. 

1.3 Participatory Simulation Activities (PSA) 
1.3.1 The ISME Grant: Earlier Work and Current Objectives  
This section draws directly from Wilensky and Stroup’s (1999) proposal for research, accepted.  
 
The ISME project (Integrated Simulation and Modeling Environments, Wilensky & Stroup, 
2001) seeks to leverage the complexity and dynamicism of the classroom as a cognitive tool for 
catalyzing and extending student insight related to the structure of complex systems.  Whether it 
is the emergence of a traffic jam in a simulated city or the spread of disease in a simulated 
population, our conjecture is that by having students themselves interact in real-time to create the 
emergent behavior of a dynamic system, participatory simulations provide a natural connection 
for learners to the study of emergence and complexity in the world around them.  
 
This link is significant because the study of complexity and dynamic systems has an increasingly 
important role in the practice of science and as a basis for informed citizenship. Two major 
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factors contribute to this increased importance: 1) increasing recognition of the systemic 
character of practical and scientific problems and 2) the availability of powerful computational 
tools for modeling, simulation and analysis. The first factor is itself largely due to our heightened 
sense of the interconnected nature of our world. We have grown aware that the destruction of 
Amazon rainforest habitats has significant impact on the climate in other parts of the globe, the 
introduction of a single new species or viral organism to an ecosystem, can have profound effects 
rippling through the entire system, the rise and fall of markets in the far east can have very real 
consequences for markets in the US and vice versa. The second of these factors has developed in 
tandem with the increasing availability of low cost computation capable of supporting powerful 
forms of modeling, simulation and analysis. The resulting proliferation of such computation and 
powerful modeling/analysis tools has enabled scientists to move beyond studying isolated over-
simplified scientific problems and, for example, use these technologies to study the deeply 
interconnected ecological problems that characterize our natural and social worlds. 
 
These ideas have been recognized in the national standards documents. The Benchmarks for 
Science Literacy that also serves as the foundation for the “core curriculum” in many state 
science standards highlights the importance of this idea of “system” for learning: “One of the 
essential components of higher-order thinking is the ability to think about a whole in terms of its 
parts and, alternatively, about parts in terms of how they relate to one another and to the whole” 
(AAAS, 1993).  Consistent with Benchmarks, we argue that not only is such study crucial to the 
progress of science, but it is vital to successful and meaningful civic participation in a 
democracy. We can no longer afford to engage the rich complexity and dynamicism of our world 
with over-simplified, relatively static constructs. The absence of these ideas and tools in school-
based learning frames and compels an agenda for curricular design, technological innovation and 
research. 
 
In previous work, we have studied the barriers for students in making sense of complexity 
(Wilensky, 1997; 1999; Wilensky & Reisman, 1998; 2006; Wilensky & Stroup, 2000; 2001). We 
have explored the role of modeling tools in overcoming some of these barriers. Out of this 
modeling research, a conjecture emerged that in order to make significant progress in enabling 
widespread student literacy with systems thinking and complexity, we needed to augment 
students’ experience of dynamic systems. We have made significant progress towards this goal. 
We have created a networked architecture, HubNet (Wilensky & Stroup, 1999a), that supports 
running classroom simulations of dynamic systems by enabling each student to play the role of 
an element of the system. Studying classrooms employing HubNet, we have documented the 
benefits of participation in a simulation for enabling students to make sense of such systems. One 
important result that emerged out of this work was the importance of two different forms of 
reasoning for making sense of complexity. We have called these two forms of reasoning ‘agent-
based’ (aka ‘object-based’) and ‘aggregate’ reasoning (Wilensky & Resnick, 1999; Wilensky & 
Stroup, 2000). What we mean by aggregate reasoning is reasoning about properties and changes 
in populations. Typically, such reasoning employs constructs such as ‘amount’ ‘average’ and 
‘rate of change’ to describe the state of the system and its time evolution. This form of reasoning 
has strong antecedents in the mathematical and scientific literature and in formal curriculum 
(e.g., in mathematical modeling with differential equations). In contrast, ‘agent-based’ reasoning 
is reasoning about the behavior of individual elements of a system. Typically, such reasoning 
involves exploring rules of behavior for individuals and their interactions and reasoning about 
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the emergent results of alternative rule sets. Traditionally, this form of reasoning has been less 
supported by formal curricula, though the advent of powerful computation has resulted in tools 
that enable such support. We have come to believe that these two forms of reasoning are 
fundamentally complementary and that through their separate and coordinated development 
students can make great progress in understanding the behavior of systems changing over time. 
 
We are therefore engaged in a long-term study of the learning of secondary students engaged in 
making sense of complex systems through participating in classroom simulations. In particular, 
we are studying the complementarity of agent-based and aggregate forms of reasoning as 
resources for making sense of complexity. As part of this work, we have developed a set of 
HubNet-based Participatory Simulation Activities (PSA) linked to secondary curricula. First 
generation versions of HubNet, however, were designed primarily to support students in doing 
agent-based reasoning. In order to conduct our current investigation, we have been extending the 
functionality of the HubNet architecture to also support participation as an aggregate element 
and coordinated use of aggregate reasoning. We call this expanded HubNet an integrated 
simulation and modeling environment (ISME). One important element of this ISME design is the 
tight coupling of our networked simulations with agent-based (NetLogo) and aggregate  
modeling tools (the systems dynamics modeler (Wilensky, 2005). We are extending and refining 
our Participatory Simulation Activities and are incorporating the PSA into curricular units 
targeted for secondary classrooms. We are now studying the reasoning of students in several 
middle-school and high-school classrooms employing these units. 
 
1.3.2 Participatory Simulations as a Design for Classroom Inquiry Into Complex Phenomena: 
Non-Networked and Networked Experience-Based Implementations Facilitating Collaborative 
Learning 
 
Students engaged in participatory simulations act out the roles of individual elements in a 
system. For instance, students can be points in a function, stoplights in a traffic grid, predators or 
prey in a population simulation, gas molecules in a simulated gas, or members of a population in 
a disease simulation. Through students’ actions the behavior of the system as a whole emerges. 
This emergent behavior of the system and its relation to individual students’ actions and 
strategies then becomes the object of class discussion and analysis. Participatory simulations 
have been used since the early 60’s to support embodied, first person learning about dynamic 
systems (REF). The Participatory Simulations Project (Wilensky & Stroup: 
http://ccl.northwestern.edu/partsims.html/) built on and significantly extended this work. 
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Figure 1. Architecture of the HubNet technological infrastructure (illustration show computer 
client) 
 
HubNet (see Figure 1, above) is a software/hardware architecture designed to enable students to 
participate as elements in a simulation of a complex dynamic system. HubNet extends the 
concurrent, agent-based paradigm of NetLogo out to controlling network-supported interactions. 
HubNet is a technology that lets you use NetLogo to run participatory simulations in the 
classroom. In a participatory simulation, a whole class takes part in enacting the behavior of a 
system as each student controls a part of the system by using an individual device, such as a 
handheld device or networked computer. 
 
HubNet hardware includes an up-front computer (the “hub”) capable of addressing the 
network of “clients” (computers, calculators, or handhelds) and a computer projector enabling an 
entire class to view the simulation. HubNet enables many users to control the behavior of 
individual objects or agents and to view the results aggregated on the hub. The network layer 
implements flexible communication protocols that include the ability to upload and download 
data sets, upload and download programs (e.g., applets), monitor key-presses at the client level, 
support real-time interaction as in network computer games, and form collaborative groups of 
various sizes (e.g., peer to peer, small groups, and whole-class modes). HubNet is designed to 
work with clients with no significant resident functionality, but in clients where such resident 
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functionality exists (e.g., graphing calculators), HubNet is designed to take advantage of it. The 
HubNet technological infrastructure undergirds the participatory-simulation classroom activities. 
 

 
Figure 2. Gotcha!.” Middle-school students operate computer-based agents and analyze 

experimental results in the Participatory Simulation Activity “Disease” 
 
Participatory simulations (see Figure 2, above) match the structure and dynamics of 
real classrooms: They allow every student to be active and, generally, work better with more 
students. Students identify with their roles and become very invested in the activity. Classes—as 
a whole or in smaller groupings —become more than the sum of their parts (see Section 1.5, 
below, for further elaboration of the design rationale). 
 
 
1.4 Objective 
This paper presents evidence of the positive effect of participation in technology-facilitated 
classroom simulations on student reasoning about complex systems. Analysis of student 
utterances in presentations, during activities, and in classroom discussions will reveal a patterned 
shift in student reasoning. We interpret the shift as indicating that students leveraged embedded 
heuristics in the participatory-simulation design as vocabulary and reasoning tools that they 
applied when engaging in problem-solving about complex systems. In particular, we will 
demonstrate students’ increased facility in inhibiting simplistic and/or incorrect responses and 
using instead a micro-level approach to build and defend macro-level assertions about dynamic 
phenomena.  
 
Our specific attention to classroom data—what students did and said while working in the core 
learning environment, and in particular students’ spontaneous explanatory models as they reason 
about outcomes of the participatory-simulations—complements Levy & Wilensky (2004), who 
examined student spontaneous strategies in tackling complex-system problems in researcher–
participant interviews. We were particularly interested in studying whether students’ reasoning 
about complex systems can be characterized as initially but not subsequently limited by their 
experiential resources. For instance, a student may expect that a system that includes more agents 
than some baseline system would take longer in achieving some goal, because the student 
expects that ‘more agents’ implies ‘more interactions’ and therefore ‘more time.’ Such an 
assertion, it turns out, is not necessarily correct under certain special conditions, as we will 
discuss. One thematic question is whether student heuristics that prove inadequate for solving 
complexity-related problems are in fact useless for reasoning about complex systems or whether 
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they can be profitably utilized and harnessed for dealing with complexity, possibly through the 
introduction of modeling tools. 
  
While we regard Participatory Simulations using the HubNet technology as still in an “alpha-
ready” phase, such PSA have been implemented in dozens of schools. Wilensky & Stroup (200x) 
designed a core set of six PSA that have been continually redesigned and improved over the past 
six years. About twenty more such PSA have been designed since by members of the ISME 
project and the CCL. These PSA have been implemented in a wide range of students in a variety 
of settings including upper elementary, middle and high schools as well as in university courses 
and teacher education workshops.  Our predominant focus however has been on diverse inner 
city middle schools. members of the ISME project have spent dozens of periods in middle-school 
classrooms, implementing our networked-technology designs (Wilensky & Stroup, 2000; 2001; 
Abrahamson & Wilensky, 200x; Levy & Wilensky, 200x; Berland & Wilensky, 2005). One of 
the six original activities we have implemented is ‘Disease,’ a technology-enabled simulation of 
the dynamics of infectiousness (see next section for an explanation of this design). This paper 
focuses on a single implementation of ‘Disease’ in an 8th-grade classroom, yet the design 
elements, facilitation practices, and evaluation tools in that specific implementation as well as 
the data-analysis insights in this report result from earlier implementation iterations. A focus on a 
single implementation as a means of summarizing an extensive project enables us to present a 
comprehensive report of student learning, including attention to qualitative data. We have chosen 
this implementation over other implementations as our focus, because for this implementation 
we were able to allocate more data-collection resources and therefore have a richer data set to 
work from. Also, we have chosen to present a middle school implementation both because it was 
our focal age group and because we have concluded on the basis of student and teacher feedback 
that for the Disease PSA, we struck an especially  useful match between the activity and the 
middle school student age group. Further research-and-development work is necessary before 
our design is packaged as a mature product, yet the current report looks at the culmination of 
several years of R&D.  
 
 
1.5 Design: Simulating Emergence With ‘Dice-Disease’ (Non-Networked) and ‘Disease’ 
(Networked) 
 

1.5.1 Introduction: Design Problem, Rationale, and Previous Solutions 
Complex phenomena are ubiquitous. Yet, complexity, as a domain of study, constitutes a 
challenge for constructivist designers. Put twenty-seven middle-school students in a classroom 
and lecture them on complexity, and you’re not likely to get very far. Where does one begin, and 
how? What classroom experiences might set the context for discussions of emergence? What 
objects and activities might model the interactions of multiple agents? Can a single student 
orchestrate a complex system? How would she monitor and represent the dynamically changing 
quantitative properties that would lend insight into emergence? How would she see the 
emergence? 
 
One answer is that students should learn, as individuals, to model complex phenomena by 
programming a computer to both enact the phenomenon and dynamically monitor its quantitative 
properties. Indeed, in previous studies (e.g., Wilensky, 1999b; Wilensky & Reisman, 2006), 
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students conducted inquiry into scientific phenomena by individually creating NetLogo 
simulations of these phenomena. Another answer is to engage students in group activities—
without computers—that exemplify emergence (Resnick & Wilensky, 1998; see, below, the 
Dice-Disease activity). A third answer is to engage students in technology-based group activities 
in which they each embody a NetLogo agent (Wilensky & Stroup, 1999b, see below, the HubNet 
Disease activity).  
 
This paper focuses on empirical data of student learning in an implementation of two variants of 
an activity that models the spread of a disease. The first activity, which we herein call Dice-
disease is a simulation activity using dice and no computers (Wilensky & Stroup, 2000; other 
ref?). The second is a participatory simulation, Disease (Wilensky & Stroup, 1999b), using the 
HubNet architecture. In both of these activities, students are members of a population in which a 
disease is spreading. The goal is to understand how the logistics curve emerges in relation to the 
dynamics of the spread of a simulated disease.  
 
 1.5.2 the Dice-Disease and Disease activities 
Dice-Disease is implemented in “low tech,” and Disease—in “high tech.” Both activities set the 
context for classroom discussion of multi-participant interactions that result in emergent 
phenomena and are monitored with a variety of mathematical representations. As such, these 
activities demand basic fluency with mathematical constructs, such as proportionality, and with 
mathematical representations, such as graphs, in order to fully grasp the emergent patterns 
resulting from the group activity. Thus, Dice-Disease and Disease are activity contexts for 
experiencing and studying the content of complex systems as well as for developing skills of 
simulation-based inquiry, applying mathematical constructs, and interpreting mathematical 
representations.  
 
In the Dice-Disease simulation, students literally walk around shaking hands and using dice to 
determine whether they have “risky” interactions. They then manually build tables showing the 
number of students who get infected in each time period and use these tables to build graphs 
showing the total number sick at a time. We use this introductory activity to prepare students to 
dive into the real-time HubNet simulation. 
  
As the students participate in the Disease real-time simulation, NetLogo creates a graph showing 
the number of people sick at each tick of the simulation’s clock. This activity serves as a 
springboard to discussing modeling the spread of disease and to constructing models in general. 
Drawing from students’ experiences with the non-networked simulation, the facilitator 
encourages students to think about how the simulation works and what strategies they might use 
to avoid catching the disease. The students and facilitator can change attributes of the simulation 
(e.g., the sliders ‘percent infection’ and/or ‘initial number sick,’ ‘step size,’ amount of space to 
move in, add in “androids” [computer controlled infectious agents that might be thought of as 
being like mosquitoes carrying a disease], and so on), try to predict what effects these changes 
will have and then see how well these predictions fit with what actually happens. 
 
 1.5.3 From “Low-Tech” to “High-Tech”: Some Meta-Design Assumptions  
Evidently, Dice-Disease and Disease differ in their media of implementation. We have used 
Dice-Disease as the introductory activity of our mini-unit and only then gone on to work with 
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Disease. This order is intentional: As will become evident once we have presented these 
activities, for some of the participants the Dice-Disease activity constitutes a bridge from 
perhaps more familiar contexts of “run-around” play-ground group games (such as Tag) to a 
technology-based multi-user game in which sedentary students control agents who do the 
“running around.” Notwithstanding, we recognize that children’s gaming habits are changing, 
such that for future implementations, within certain populations, the Dice-Disease activity may 
not be a necessary bridge, at least not with regards to its participatory framework. However, the 
“low-tech” character of Dice-Disease demands that students “do the math” (that is the arithmetic 
calculations and the graphing), whereas in the Disease activity the computer is programmed to 
perform these calculations and graph-plotting automatically. “Doing the math,” at least initially, 
we believe, is an opportunity for students to carefully ground the emergent patterns in simple 
calculations and familiar randomness generators (dice)—to experience the bit-by-bit 
ineluctability of emergence. Once this emergence is believable (not “magical”), we move to the 
Disease activity in which the computer unburdens participants both from manually generating 
random values (the “dice” are built into the program) and from performing tedious arithmetic so 
that students can focus on higher-order inquiry into parameterization, initial conditions, 
causality, and emergence. Still, the previous, “low-tech,” activity remains as a classroom shared 
experience that can be referenced in order to re-ground the emergence experienced within the 
“high-tech” activity, e.g., “Remember when we were playing Dice-Disease, and…”. 
Nevertheless, even within the Disease activity, the mathematical calculations underlying the 
interface group patterns can be scrutinized: The computer program—the NetLogo modeling 
“code”—is designed explicitly to be accessible so that even without deep familiarity with its 
semantics and syntax, students have at least cursory insight into the logic of the procedures (so 
that it is a “glassbox” (Wilensky, 2001) and not a “blackbox”).  
 
 
2. Methodology 
2.1 Participants  
Twenty-seven 8th-grade students from a demographically diverse K – 8 magnet school (roughly 
equal proportions of White, Hispanic, African–American, and Asian students; 25% ESL; 63% on 
free or reduced lunch). The teacher was a White female Science teacher-student completing a 
Masters in Education with a focus on Curriculum & Instruction and a Type 03 Elementary 
Teaching certificate with a science endorsement. The design-research field team that totaled 5 
researchers (1 post-doctoral fellow and 4 graduate students) rotated, with on-site researchers 
sharing the tasks of co-facilitation with the teacher, technological support for the students, 
videotaping, and writing field notes. For pre/post-intervention interviews, we consulted with the 
teachers in order to select 8 students who represent the range of mathematical–scientific 
achievement in the classroom. We also balanced for gender (4 girls and 4 boys). 
 
2.1 Procedure  
A total of 5 lessons spanning one week (Mon. – Fri.) each lasted 50 minutes, for a total of 4 
hours and 10 minutes. Lessons were co-led by the teacher and research team, with the teacher 
gradually taking the helm of the technology as she became increasingly comfortable with 
operating the PSA in real time, e.g., responding to students’ unanticipated requests and not only 
running the lesson according to a pre-figured and rehearsed lesson plan. Before each lesson, the 
teacher and design-research team leader colluded to layout the lesson plan they had outlined on 
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the previous evening, and following each lesson they would debrief, focusing on ‘what worked,’ 
‘what didn’t work,’ and ‘what next.’ This conversation would then continue over telephone 
conversations and via e-mail in the evening. Typically, a lesson consisted of a brief recapping of 
the previous lesson (aided by handouts that included screenshots and/or photographs and 
diagrams depicting the activities on the previous day) and introduction of the new activities 
(informed by student input from the previous lesson and assignments that the teacher had 
collected during the lesson but could only process after the lesson). Next, students logged into 
the system, and several ‘runs’ were enacted, interspersed with classroom discussion. Lessons 
ended with a summary discussion, negotiation of home work assignments that would be helpful 
in enhancing further inquiry on subsequent days, and elicitation of students’ wish list for 
modifications to the computer model (these, we cautioned students, might take more than a next-
day delivery).  
 
2.3 Technology  
See sections 1.3 and 1.5. 
 
2.4 Questionnaires and Interview Protocols 
To measure students’ understanding of the target concepts of the intervention, we composed 
questionnaires. In selecting questionnaire items (see Appendices A, B, and C), we strove to 
present situations in which a complex process could be described in terms of simple rules. Also, 
we wished to provide a variety of modeling and representation tools for analyzing this process. 
Both the situations and the modeling and representation tools were designed to relate 
thematically but not overtly to the Disease context: in both the questionnaire items and the 
Disease context, some resource or substance accrues over time in some vessel or space, and we 
can model and measure these changes and express them either in terms of successive increments 
or in terms of the rate of accumulation. We did not find suitable items in the literature, probably 
due to the paucity of previous learning designs for complexity in middle school. Therefore, we 
composed all pre/post and mid-intervention questionnaire items as well as the post-test student-
interview protocol (see Appendix A, B, & C), except for the “moldy bread” item, which we 
based loosely on an item from the Colorado Department of Education (2002) and expanded into 
several items. By providing modeling and data-charting tools, we allowed students a choice 
between either charting quantitative data without thinking through the process they were asked 
about or modeling the process and basing their response on conclusions from this modeling. 
Thus, the objective of these items was to evaluate students’ understanding of complexity as 
indexed by their attention to the process. 
 
A key item in the pre/post-intervention questionnaire was “Moldy Bread.” In this item, students 
are posited with the following problem. A slice of bread is infected with mold in its center. The 
mold spreads from day to day, and the students are required to describe this spread. On their 
worksheet, students have a picture of the slice that is overlain by a grid, and it is suggested that 
the mold spreads from square to square through contact. Adjacent to this picture is a chart, the 
rows of which correspond to the ‘Days.” The top cell, in “Day 1,” indicates with a numeral the 
number of squares in the bread grid that are already infected. 
 
The pre- and post-intervention interview consisted of the same two items, Scatter (Wilensky & 
Levy, 2004b), and Rumor (Wilensky, 1997b) (see below) and the post-intervention interview 
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included also a question about the Disease PSA. The Scatter and Rumor items were developed so 
as to constitute familiar situations that participant students had all experienced. In Scatter, 
students are posited with the situation in which a Physical Education (“PE”) class is about to 
begin. All the students are clustered in one spot in the gymnastics hall. The teacher announces 
that the lesson is about to begin with a set of calisthenics and says to the classroom, “Scatter!” 
(The idea being that each student should have enough space to perform jumping jacks.) In 
Rumor, students are asked to describe what happens when one student in the classroom happens 
to become informed of a juicy bit of gossip, e.g., that one of the teachers wears a toupee. (Note 
that whereas in Scatter, the agents move, in Rumor the agents are the medium in which the 
rumor moves.) Students were provided with a ‘modeling kit’—a box containing a wide range of 
stationary and hobby-related objects, such as paper, crayons, plastic chips, Lego-like blocks, and 
strings. Students were told that they could use these instruments if they thought these were useful 
for explaining their thinking. 
 
2.5 Data 
Our written data include: (a) student responses on a pre-test, mid-test, and post-test (see 
Appendix A and B for blank copies of these tests); (b) student in-classroom artifacts, such as 
tables and graphs students created; (c) student reflection notes during the first day of 
implementation; (d) student requests for experiments they wish to simulate in the classroom; (e) 
lesson plans coordinated between the research and teacher; (f) daily e-mail correspondence with 
the teacher; and (g) researcher field notes, extensive daily reports and preliminary data-analysis 
pointers, and daily correspondence between research team members that draw multiple 
perspectives in interpreting observations on the data as reported. Our video/audio data include: 
(a) complete footage of all four classroom periods, taken with two video cameras—one roaming 
and the other, the backup camera, usually on a tripod at the back of the classroom; (b) 8 student 
pre- and post-interviews (see Appendix C for interview protocol); (c) teacher post-intervention 
interview (see Appendix D for interview protocol). In addition to the videotapes, we have high-
resolution photographs of student interaction. Finally, we have screenshots of the computer 
screen during lessons as well as exported files of the simulation data that students analyzed—
these documents help us contextualize students’ transcribed discussions and in particular to make 
sense of what students were finding difficult to understand.  
 
2.6 Data processing 
Preliminary work consisted of taking stock of the data. We studied the video footage to select 
classroom discussions that we judged as touching upon key ideas of design and content. Next, 
we transcribed extensive parts of these discussions and of all pre- and post interviews. This 
preliminary work suggested which content-specific ‘learning issues’ we could articulate and 
refine. We would then leverage these ‘learning issues’ that we had determined, in mapping 
between student activity and student emergent understandings, as seen both in classroom work 
and in a comparison between pre- and post-tests.  
 
In order to evaluate students’ pre-to-post conceptual change as revealed through the interviews, 
we transcribed all the interviews and created of them a large table in which the researcher and 
student’s utterances were interlaced per item. Thus, a row in this large table consists of Student 
X’s interview segments, as follows: First cell -- Item #1 pre intervention; Second cell -- Item #1 
post intervention; Third cell -- Item #2 pre intervention; Fourth cell -- Item #2 post intervention, 
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etc. Next, we read through these interview segments and discussed them within our research 
team, paying close attention to pre-to-post comparisons (horizontal in the table) as well as to 
inter-student differences (vertical in the table). The objective of this pre-analysis was to reveal 
emergent categories, relevant to dimensions of students’ cognition of complexity, by which to 
subsequently code the cells of the large table. Once categories had been established, we coded all 
the expressions of these dimensions in the data and summed up the number of times each 
dimension was expressed, per item, per student, in both the pre- and post-intervention responses. 
Our unit of analysis for coding was a ‘turn,’ i.e., what a student said in between two interviewer 
utterances. 
 
We used the field notes, e-mail communications, and daily summaries to create a comprehensive 
report of the implementation (see section 3.1 below).  
 
3. Results 
In this section, we will present data from students’ written work (Section 3.1), from the 
classroom implementation (Section 3.2), and from the pre/post-intervention interviews (Section 
3.3). On the basis of students’ written work, we will claim that students progressed both in their 
understanding of content and in developing forms of reasoning for addressing complex 
phenomena. The classroom data will serve two purposes: the description of the implementation 
will be structured so as to suggest ways in which this activity may be facilitated; and selected 
transcriptions of student utterances will demonstrate how the PSA enables high-level classroom 
discussions of target content. 
 
3.1 Students’ Written Work 
Students written work included pre- and post-intervention tests, a mid-intervention test 
(“questionnaire”), and student suggestions and feedback. 
 
3.1.1 Pre- to Post-Test Learning Gains 
Of the 24 students who completed both the pre- and post-test, 18 students showed learning gains 
on at least one of the “moldy-bread” items, 2 student were at ceiling performance on these items, 
and 4 did not show progress. Of the 18 students who showed progress, 17 students expressed 
their understanding verbally and graphically, and 1 student expressed understanding graphically 
only. On the post-test, all 17 students who expressed their understanding verbally showed an 
increased attention to the phenomenon they were addressing in terms of a process, and of these 
students, 14 students explicitly interpreted the process as dynamic and non-linear, three students 
defined a rule for the process, and 1 student attended to variation within the process (see Table 1, 
below). Also, on the posttest, students were more careful in discerning between ‘time’ and ‘rate’ 
(units per time): if Process A occurs over a shorter duration of time as compared to Process B, 
one cannot conclude that Process A occurred “faster” (see Table 1, below). Several students 
made allusions to content that had either been simulated (a disease) or discussed (a game of 
“tag”) during the intervention (see Table 1, below). Finally, progress was made in terms of more 
students using time- , speed- , and/or rate-based language in reporting their reasoning about the 
propagation of mold on a slice of bread: 14 students used terms such as “faster” or “fastest,” 
“slower” or “slowest,” “time,” “eventually,” and “rate” on the post-test and not on the pre-test.  
 
On Item 4 (see Appendix A), which required of students to match a graph to a story and explain 
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their choice, 8 students who had solved the problem correctly on the pre-test, solved the problem 
incorrectly on the post-test, as compared to only 2 whose trend was from an incorrect answer to a 
correct answer (the other 14 students were consistent in the pre- and post-tests). Seven of the 8 
students incorrectly chose an S-curve graph on the post-test, even though their verbal explanation 
matched the correct graph that they had chosen on the pre-test. It could be that students chose 
this S-curve graph, because it featured often during the intervention, and so these students may 
have anticipated that it is the expected response. Whereas this finding points to students’ 
difficulty with graphs, we conjecture that additional attention to graphs may be required for an 
optimally successful implementation of this unit in middle school. 
 
Based on these findings from students’ responses to the pre- and post-test items, we suggest the 
following learning trajectory for students’ engaging in learning complexity. Students have first to 
“shed” a default expectation that processes occur at constant rates. Only then can students 
develop more sophisticated interpretations of the processes. Such development appears to be 
contingent on students having discerned variation within the process they are examining. 
Noticing variation problematizes students’ expectation of consistent change. Next, students may 
formulate more sophisticated rules to capture their new insights into the process. These rules 
may be qualitative, as in a depiction of the “profile” of a process, e.g., the rate grows, sustains for 
a while, and then decreases. The rules may also be quantitative–relational, e.g., moving from an 
expectation of a linear growth (“It keeps adding +8”) to an expectation of an exponential growth 
(“It keeps multiplying”). The generalizability of this developmental conjecture should be 
tempered by a methodological constraint: our tool of measurement, the questionnaire, was such 
that it may have implicitly encouraged students to adopt or apply, initially, a linear perspective. 
However, our assertion that students’ default expectation is one of linearity is corroborated by 
Levy & Wilensky (2004). 
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Table 1 Examples of Student Pre- and Post-Intervention Responses to Test Items 
 Student Responses 

Test Item Pre-test Post-test 

When is the mold spreading fastest? [the mold begins from 
two spots on a slice of bread and spreads until the slice is 
completely moldy. The item suggests ‘day’ as the time unit 
for measuring the spread and includes “2” as the initial 
number of moldy squares and “10” as the subsequent 
number of moldy squares, on the next day] 

  

Stella  “I say the mold is spreading in 
the same way on all the days, 
because it just made more 
sense, because how would 
mold spread faster on certain 
days?” 

“More and more mold shows 
each day until the whole bread 
is filled with mold.” 

Robby “The mold is consistently 
spreading by 8.” 

“The mold just keeps going, 
because when it is connected 
then the more mold there is to 
connect to the more mold 
there is” 

Ralph used a slice of bread that is covered by 400 squares 
(not just 100 squares). The slice starts out with two moldy 
squares. He lets the mold grow for a number of days and 
then he measures the mold size. Ralph predicted that it 
would take longer for the mold to spread over this bigger 
slice, because there are more squares to cover. His friend, 
Ruth, said that Ralph was wrong. She said that the mold on 
the larger slice of bread can spread faster, since many more 
squares can get moldy. Who do you think is correct? 
[Multiple choice: Ralph; Ruth; Both Ralph and Ruth; 
Neither Ralph nor Ruth] Explain your answer. 

  

Akasma “I say Ralph because he’s right 
that it would take longer for the 
mold to spread over this bigger 
slice, because there [are] more 
squares to cover.” 

“Both Ralph and Ruth. I say 
both, because each prediction 
can be correct, because it 
depends on how many squares 
get moldy everyday.” 

Juliet  “Neither. Since the bread is 
bigger, the mold will take a 
little bit longer to take over the 
bread. However, the rate of 
spreading wouldn’t change.” 

“Ralph. I think it would take 
longer for mold to spread over 
a bigger space, because when 
we played "sick and 
contagious," it took longer to 
get everyone sick when there 
were more people.” 

Invent a story that could be described by Graph A [linear]   

Maria “The mold on the slice of bread 
for 1 week stayed the same & 
nothing decreased.” 

“The # of kids that got tagged 
when playing outside.” 

Invent a story that could be described by Graph C [S-curve]   

Maria “On the 2nd week the mold at 
first wasn’t spreading after a 
couple of days and then the 
whole bread was filled w/ 
mold.” 

“The # of students that got ill 
within the same week.” 
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Six students who on the pre-test had used the table to determine the spread of mold, and 
apparently used the picture only peripherally, used the picture on the post-test to model the 
spread and only then, apparently, filled the table with the data they had determined, or did not 
use the table at all and just reported their findings verbally (see Figure 3, below). We interpret 
these test results as indicating students’ greater facility, following the intervention, with 
analyzing the behavior of a complex phenomenon. Also, these results indicate that students have 
become wary of jumping to premature conclusions on the basis of heuristics that are possibly 
appropriate for non-complex phenomena but can be misleading in the analysis of complex 
phenomena.  Specifically, following the intervention, students were less prone to assume a 
constant rate of spread and were more prone to attend to the agent-level micro-process at play in 
the phenomenon they were examining. 
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a.     b.  

c.  

d.  
 
 
Figure 3. Four examples of students’ spontaneous modeling techniques in monitoring the spread 
of mold in response to a post-test item. Note different techniques for identifying mold squares by 

day of propagation: a. a legend; b. numerals in each square corresponding to the day of 
propagation in the chart; c. numerals marking areas (“bands” of propagation); and d. hash marks 
in different orientations. In examples a. and c., the students did not complete the optional chart. 
Examples b. and c. clearly show increase in the rate of propagation (the bands are of increasing 
area). Examples c. and d. suggest that if the student had completed the modeling process, s/he 

would have run out of squares, and so the graph would have tapered off, decreasing in gradient.
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3.1.2 Student Response on the Mid-Intervention Questionnaire. 
The mid-intervention questionnaire (see Appendix B) was administered after students had 
participated in two runs of the Disease simulation. Students were asked whether or not a disease 
and the game of “tag” are similar. Of the 27 students who completed the questionnaire, 8 claimed 
that the mechanisms of infection and of “tag” are different, because whereas in a disease the 
propagator remains ill, in tag the person who is “it” is no longer “it” once this person has caught 
another person. 18 students claimed that the mechanisms are similar, and 1 student did not 
understand the question as we had intended. These results indicated to us that most students had 
not yet fully understood the mechanism of the Disease simulation. In particular, most students 
had not yet understood that the propagation is non-linear. The pre/post-tests and the mid-
intervention questionnaire differed in content, yet both required of students to carefully analyze 
non-linear processes and distinguish them from linear processes. Thus, the fact that 8 students 
did answer the disease-versus-tag item correctly after two runs of the Disease simulation, fits 
into the classroom pattern of learning seen in the pre-to-post-intervention progression from 2 
students at ceiling level before the intervention and 20 students showing understanding after the 
intervention. 
 
3.2 Description of Implementation  
This section describes the implementation of the Dice-Disease–Disease design that constitutes 
the data source of this study. The main objective of this section is to contextualize an analysis of 
student utterances. In particular, we will lay out some of the contexts in which student discussion 
occurred. For each implementation ‘day,’ we will choose discussion topics to elaborate so as to 
elucidate the richness of the content and the challenge of reasoning about this content and 
facilitating student reasoning about it. An auxiliary objective is to illustrate the difficult 
mathematical and logical problems that students discussed, using the available artifacts. It is 
these classroom experiences, we believe, that effected the learning gains we have reported in an 
earlier section. A final objective is to demonstrate to future facilitators the robustness and 
flexibility of a participatory-simulation learning environment in terms of the opportunities it 
affords for student reasoning: Whereas we followed the core lesson plan (ref PartSims Computer 
HubNet Guide), our on-the-fly responses and day-to-day modifications to the design that we 
include in this report can be adopted by future facilitators, yet should be regarded as optional 
solutions out of a larger space of possible solutions, solutions that the teacher and the design-
research team judged as useful within the context of that specific implementation with that 
specific group of students. So we do not claim nor wish to convey that this implementation was 
ideal or exhausted the potential of the design. Rather, we hope to convey a sense of the design’s 
potential and of the pedagogical and design practices of modeling-and-simulation learning 
environments. 
 
3.2.1 Day 1 
Students participated in the ‘Dice-Disease’ activity:  

(a) The teacher and researchers introduced the activity and explained it (5 minutes); 
(b) Students moved freely in the classroom, each with their dice, and interacted with their 

classmates (10 minutes);  
(c) The teacher elicited students’ data and accumulated it onto an overhead projection 

slide; students came to the front of the class and created two graphs from the tabulated 
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data (10 minutes, see Figure 4, below, on left, with graphs both of the total infected 
and the #infected-per-stage); and  

(d) The class engaged in a general discussion (25 minutes).  
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   a.      b. 
Figure 4. Summary of ‘Dice-Disease’ activity on Day 1: (a) slide created projected on overhead 

screen: the teacher elicited data for the table and students created the graph; (b) computer-
enhanced version of the two graphs lines. The entire figure was printed out on multiple copies 

and handed to the students on Day 2 of the implementation. 
 

The general discussion, which students led from the front of the classroom, was stimulated by 
the facilitators’ questions, some of which addressed the tabulated and graphed data and some of 
which addressed hypothetical situations (“what-if” questions). One objective of these questions 
was to deepen students’ understanding of the game through analyzing a variety of mathematical 
relations between elements of the game. Another objective of the game was to sensitize students 
to the underlying rules of the game that will be relevant in Disease, the subsequent computer-
based participatory simulation. Below are the questions discussed and selected transcriptions 
from conversations sparked by these questions. 

(1) Why did the rate of infection increase at a certain point and then slow down towards the 
end?  

(2) What numbers would we need to have in the table to have a greater rate of infection? 
Students compared the real dataset and a hypothetical dataset that they composed and 
inserted into the ‘Total of Infected Indiv.’ column (see Figure 5, above, in the right-hand 
column of the table, “[1], 4, 6, 10, 20, 26”). Students had difficulty choosing a number 
that would imply a higher rate of infection but would not require an increase in the total 
number of students in the classroom (see how the chosen numbers are double the original 
number set, but as a result, the table implies a participation of 26 students, whereas in fact 
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only 13 had participated).  
(3) Did the disease spread randomly? 
(4) How realistic was the spread of the disease in terms of each healthy individual’s chance 

of being infected upon meeting an infected person?  
(5) Which variable in the Dice-Disease game needs to change in order to simulate a faster-

spreading disease?  
(6) How would the table and graph appear if they were showing a lower rate of contagion? 

How many stages would we then need until all participants were sick? How would the 
#infected-per-stage graph change? 

(7) If there were many more students in the classroom, how, if at all, would the simulation 
have been different? Students’ discussion around this question manifests challenges in 
understanding complex systems: 

Mr. A.: What if there were more kids in class, like if you were 40? Yeah, I know, it 
would be crowded. But just for this activity—would it be the same, different? 
Any thoughts? 

Sammy: The number infected would be greater […] all throughout.  
Ms. G.: Even in Stage 1? 
Sammy: Because, like the more… the more chances you have the greater your, like... 

if you play the lottery. No! I guess it would be smaller—I just thought that if you 
play the lottery, and there’s more people, then your chances are smaller. 

 
In order to reason about Mr. A’s question, Sammy uses an analogy. His choice of a lottery as an 
analogy for infection was perhaps cued by the element of chance inherent in both of these 
phenomena. And yet, the analogy Sammy employed seems to have led him astray: Having 
established a lottery as the analog in the problem-solving space, Sammy mapped an increase in 
the number of participants in the Dice-Disease activity onto an increase in the number of 
participants in the lottery. Yet, diseases and lotteries in fact differ on several critical levels: 

- There is a positive implication of being ‘it’ in the lottery versus a negative 
implication of being ‘it’ in a contagion.  

- Whereas a lottery is a straightforward all-at-once phenomenon, a contagion is a 
dynamic process with feedback loops.  

- Whereas in a lottery we can increase our chances of being ‘it’ by buying more 
tickets, in the Dice-Disease game proportional reasoning may be insufficient to 
predict outcomes, because in Dice-Disease… 

i. …we cannot impact our chances of being the first ‘it’ but can later impact 
our chances of contagion by manipulating our proximity to the infected 
agents.  

ii. …there is an upper limit on the number of agents that can be infected at 
each “go.” This upper limit is constrained by the topological properties of 
the game and the minimal time allotted to each “go.” 

It could be that Sammy had meant to map ‘more agents’ onto ‘more tickets per a specific 
participant’ (and not ‘more ticket holders’)—then indeed an individual agent’s chances of being 
the chosen one increase—but the ontological similarity of ‘agents’ (‘Dice’) and ticket holders 
(‘lottery’) caused a conceptual mismap. We propose that the inadequacy of proportional–
analogical reasoning for solving complexity-related problems is a key factor of why complexity 
is difficult. One must consider how the mechanics and topology of the phenomenon interact and 
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how the output of each stage feeds as input into the next stage. Thus, complexity is a domain 
where rules of thumb, generally applicable in other areas, are limited in their purchase on 
problems. 
 
Carter, below, is more articulate in expressing the relation between the number of agents and 
both the initial and subsequent chances of infection.  
 

Carter: Well, the reason it [= the chances of getting initially infected] would be 
smaller is because... if you had 1 out of 40…the chances of you getting the 
disease [would] decrease a lot. But if it were 1 out of 5... a class of 5... your 
chances are…you could shake hands with all 5 of them in one round. So you 
could get infected a lot quicker. So the disease would spread through the whole 
class [a lot faster] 

 

 
Figure 5.  Three simulations of ‘Disease’ using computer-based agents instead of students. The 

more agents interact, the higher the mean rate of infection and the shorter the duration of the run. 
 

According to Carter, the disease would spread faster through a classroom of fewer students. Is 
that true? An experiment in Disease gives contradicting results: the more participants, the greater 
the rate of spread (see Figure 5, above). How can this be?  
 
To become infected, agents must occupy the same location as an infected agent. So the spatial 
aspect of Dice-Disease is key in thinking about the effect of the simulation settings on the rate of 
infection. The topology, rules, and agent behavior in Dice-Disease foreshadow Disease. For 
instance, as we change the number of participants, we increase the number of agents per area 
unit, making for difficult escape and thus more infectious interactions per time unit, to the extent 
that the contagion propagates through the population like a quasi-continuous wave. Therefore, all 
things being equal, increasing the number of agents in fact increases the rate of infection (see 
Figure 5, above). This phenomenon is surprising if one predicts the infection in the increased 
population from the infection in the base population without considering implications of the 
increase for the infection process, as in the case of Sapphire, below.  

 
Sapphire: For a bigger classroom it would be easier…for our total…if we had 40 



 

  

21 

kids, it would be easier to pass on the disease—[you know] how it’s getting lower 
and lower and harder to pass on the disease [diminishing y-values in the 
increment-per-time graph, see Figure 4, above, on the bottom right] —it would be 
easier, a little bit easier….for them to catch the disease, at the end stages, because 
there’s more kids.  

Ms G: Ok, and, uhhm, do you think it would take 5 stages [as in the classroom 
simulation, or a] longer time for it to happen?  

Sapphire: I think we would need more stages, probably, if there were more kids. 
 
Sapphire assumes correctly that an increase in the number of agents will increase the rate of 
infection, but she incorrectly assumes that more stages, too, would be necessary to complete the 
infection process (see Figure 5, above).  
 

(8)  Given the number of students we have in the classroom, how could we change the 
simulation so as to get a greater rate of infection? 
 

Judy: To spread faster you’d want to make the [critical dice] numbers lower or... I 
mean... higher! 

Judy’s suggestion is correct. Increasing agents’ chance of infection at each interaction increases 
the total number of infected agents per “go,” and therefore increases the rate of infection (∆i /∆t, 
where i is the number of infected agents per “go”).  
 

Toby: Instead of just having 1 person initially infected, we could have 5. 
Toby’s answer would have been correct for the question, “How could we infect all the 
participants in less time?” A greater initial number of infected agents decreases the duration of 
the process, but it does not increase the rate of infection. It merely “moves the graph line” 
towards the left, giving an y intercept of 5 instead of 1. 
 

Sanjiv: We could catch more people if we had more time. If we had 5 minutes for 
every stage, then we could go around, like, even faster, and have more people. 
The infected person could touch more people…. in every stage. 

 
In summary, student’s reasoning about the spread of an infection was constrained by little 
attention to the process of propagation, and in particular to the interaction of the mechanics and 
spatiality of the spread. Instead, students attempted to apply rules of thumb that are appropriate 
to simpler phenomena but may be misleading for complex phenomena. 
 
The classroom discussion following the Dice-Disease simulation generated a host of hypotheses, 
some of which could not possibly be simulated in the classroom, e.g., due to the limited number 
of students, and all of which could not be covered, due to time limits. Yet all these hypotheses 
can be explored in the virtual environment of ‘Disease.’ The researchers created the following 
chart to structure the facilitation of Disease on the subsequent day:  
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Table 2 
Student Day 1 Ideas and Confusions That Can be Explored With Disease: 

Idea/Confusion Response 

Towards the end, the disease spreads slower, 
because you’re picking at random. 

Simulate Disease under the two condition of 
‘show-ill’—‘On’ and ‘Off.’ Does the disease 
spread faster when you know who is not yet 
sick? 

Whether you have a class of 5 or of 40 
students, the progression of the disease has 
the same profile. True? 

Use androids (the computer-controlled agents) 
to extend the number of participants beyond the 
number of students in the classroom. Compare 
the graphs you get under each condition. 

If we start with more sick people, would the 
number infected be greater or smaller? 
Greater, because there are more people to 
infect. Smaller, because you have less of a 
chance of getting sick, e.g., 1 out of 40 as 
compared to 1 out of 20. Is all this true? 

Play with the number of initially infected agents 
to discuss the propagation of disease in terms of 
characteristic graph profiles. Show that starting 
with more infected is like truncating the left-
hand tail of the graph. 

 
 

3.2.2 Day 2 
The second day was a day of transition from the Dice-Disease activity to its technological 
counterpart, the Disease Participatory Simulation Activity (PSA).   

(a) The second day of the implementation began with a summary of the previous day for 
the benefit of students who had been absent. This recap was also an opportunity for the 
teacher researchers to elicit students’ understanding of the activities. Our resources 
included printouts of the graphs from the previous day (see Figure 4, above). In the 
recap, a volunteer student and the teacher used these printed graphs to ground their 
description of the activities (3 minutes); 

(b) Students logged in, located “themselves” on the screen, and practiced using the 
calculator arrow-keys to move around on the screen, several of them spontaneous 
engaging in chasing and evading (11 minutes); 

(c) First run: The teacher “infects” one of the student–agents. Abruptly, the classroom 
erupts, with students animatedly calling out as the infected chase and the healthy 
escape. Some infected students team up to capture the yet healthy, others cheer the 
escaping healthy ones. Once all are infected, students exchange some general remarks 
about the game (5 minutes); 

(d) Second run: The teacher makes all “healthy” and again “infects” a student, 
precipitating the propagation of the “disease” until all students are “infected” (4 
minutes). 

(e) Mid-intervention test: Students fill out questionnaires (12 minutes) 
(f) Classroom conversation, in which students plan the next run (5 minutes) 
(g) Third run that explores student’s hypotheses (3 minutes) 
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Student Understanding of the Activity: Bertha and the Case of the Turning Point 
When the students set out to complete the mid-intervention questionnaire, they had participated 
in two runs of the “Disease” PSA, but they had not yet discussed the relation between the 
activity and the graph. As students are waiting for their classmates to complete the questionnaire, 
one of the researchers conducts an on-the-fly interview with Bertha, who has completed her 
questionnaire and is chatting with Altina. The researcher first asks Bertha about her behavior 
during the activity. Bertha explains that her personal strategy was to “hide” in the corners, and 
that, therefore, she was infected only towards the end of each of the two runs. Examination of the 
video data reveals that, indeed, many students “hid” in corners. The researcher then asks Bertha 
to explain the graph, as follows:  
 
Mr. A: What do you think about the graph? 
Bertha: The graph? 
Mr. A.: Yeah, the graph on the left, where it says 

“number sick.” 
B: Oh. I thought it, like, got higher when there were, 

like, four people were sick, because everybody, 
like, took [to the] corners, to get everybody.  

Mr. A: Huh! Yeah. Does that explain the shape of 
the graph?  

B: No…well… yeah…coz I think it was showing like 
whenever it was happening and how it changed 
whenever they were getting infected. 

 
Turning point in the graph 

 
Bertha understands that the graph relates time (“whenever it was happening”) and the total 
number of infected agents (“whenever they were getting infected”). Thus, when she focuses on 
the turning point in the graph—where the “S-curve” first rises up from its tail—we can assume 
that she is constructing a situation-based graph narrative that is at least plausible in terms of the 
intended interpretation of the PSA. Note that Mr. A. did not ask Bertha to interpret the turning 
point specifically—Bertha initiated her interpretation of the turning point. This, and the fact that 
Bertha responded promptly, suggests that prior to this interview she had already formulated the 
idea she is communicating to Mr. A.. Bertha thinks that people were hiding in the four corners, 
and that therefore there needed to be a critical number of four infected agents who would then 
hunt down the uninfected agents who are hiding in the four corners. When the four infected 
agents arrive at the corners they will have all-at-once plenty of agents to infect, resulting in an 
abrupt increase in the total number of infected agents. Bertha is the only student interviewed at 
this moment of the on-going intervention, and so her response cannot be taken alone to warrant 
any claims about student learning. Nevertheless, Bertha’s response epitomizes two main claims 
of this paper: (a) Bertha’s attending to the graph point where it breaks away from linearity 
suggests that non-linearity is a catalyst for inquiry due to its novelty; and (b) Bertha’s 
narrativizing the graph in terms of her individual experience and conscious strategy (hiding in 
corners) suggests the importance of participation in a simulation for constructing meaning for a 
phenomenon that is being studied. Finally, Bertha’s invention of a foursome of agents as an 
explanatory mechanism that bridges between the behavior of individual agents (as defined in 
rules) and of the aggregate (as seen in the graph shape) has been characterized by Levy and 
Wilensky (2004) as students’ “mid level” strategy for reasoning about complexity. 
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Classroom Discussion: Planning a Simulation  
In the general discussion, the teacher asks students the following questions: 

(1) What is similar and what is different about “Dice-Disease” and “Disease”? 
(2) If we were to run “Disease” again without the red dots, what do you think would 

happen? How do you think the rate of getting infected would be different? 
(3) If we were to run “Disease” again without the red dots and you wouldn’t know if you 

were infected yourself, what would happen? 
 

Ruby: When we can see the dots it goes slower, because everybody’s trying to stay 
away from the person. But I think it will go quicker [if you don’t know who’s ill], 
because nobody knows who has it or something like that. 

Bertha: But if you don’t know that you’re sick, I think it would go slower. 
Cooper: Even if you didn’t know if you’re infected, then everyone’s going to run 

away from everyone, so nobody’s going to get infected.  
[The facilitators take a vote: 6 students think the infection will spread faster, 18 
students think that the infection will spread slower, nobody thinks it will spread at the 
same rate as before, and some students abstain. We run a simulation in which nobody 
knows who is ill. We get the exact same overall duration, 2’54,’’ as in the previous 
run. However, the graph is quasi-linear rather than S-curved. That is, the rate of 
infection in this run was never as “steep” as in the previous run. There is no time left 
for discussion, in which we could have analyzed this surprising finding and possibly 
pursued the difference between “time” and “rate.”] 

 
3.2.3 Day 3 
On the third day of the implementation, students participated in the ‘Disease’ activity:  

(a) The teacher initiates a classroom discussion in which students summarize the PSA from 
the previous day, consider new ideas for simulation, and formulate and warrant 
hypotheses for these ideas (13 minutes); 

(b) Run #1: Regular run. Students participate in the simulation they had planned, then 
discuss this simulation and plan a new simulation based on their conclusions (13 
minutes); 

(c) Run #2: Advancing with optionally larger steps. Again, students participate in a 
simulation, discuss it, and suggest yet another simulation (19 minutes) 

(d) Run #3: Simulation with android (4 minutes) 
(e) homework assignment: create a graph you would like to see resulting from a Disease 

simulation and define students’ rules of participation that would give rise to this graph (1 
minute). 

 
In planning the simulations, the following questions were raised as interesting, and students 
hypothesized as to how each of the proposed experimental settings would affect the rate of 
disease propagation: 

(1) What would happen if we started out with more people sick? 
(2) What if we had more people participating? 
(3) What if people could move faster? What if only infected agents could more faster? 
(4) What if we had more space to move around in? 
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(5) What if infected agents expanded in size? 
 
At home, students asked for these following additional simulations: 

(6) What if the agents could move smoothly rather than in jumps? 
(7) What if we had obstacles in the space? What if the space had a different shape? 
(8) What if the computers responded faster to the clicking? 
(9) What if the number of steps per agent were limited? 
(10) What if touching an infected agent did not necessarily mean getting infected?  

 
Student discussion towards running diseases focused on predicting the impact of the simulation 
settings on the rate of disease spread. In predicting the impact of bigger step sizes on the rate of 
infection, students were split between three groups: (a) some thought that moving in bigger steps 
would necessarily mean that the disease would spread faster, because “the whole thing is 
happening faster”; (b) other students thought the disease would spread just as fast, because it’s 
the same thing only bigger steps”; and (c) yet other students thought the disease would spread 
slower, because it would be more difficult to figure out how to catch uninfected agents. The 
reasoning expressed in response “a” has been characterized by Wilensky and Resnick (?) as 
“levels confusion”—the assumption that phenomenal properties carry over somehow between 
agent and aggregate levels. The reasoning in response “b” could be characterized as proportional 
equivalence: as long as agent properties and/or behaviors are scaled up for all agents, we will 
replicate the entire simulation at some larger scale. Such reasoning can be problematic, in that 
the environment would possibly need to be scaled up as well, and it is not always easy to 
determine exactly how, e.g., just in length or in both length and width? The reasoning in 
response c is possibly more sophisticated that in responses b and c, in that students offer a 
explanatory mechanism that addresses the properties and simulation-specific constraints of the 
environment. As it turned out, the simulation took less time (compare the yellow and red graphs 
in Figure 6., below). Students were using a variety of step sizes, and this variation caused 
difficulty in evading the infected agents. 
 

 
Figure 6. Graphs from three simulation runs on Day 2. 

 
In an additional homework assignment, students were asked to prepare for the “My Graph 
Rules!” activity that would be enacted on the following day. In this activity, a student leads the 
classroom participatory simulation – assigning rules of behavior and orchestrating student real-



 

  

26 

time execution of these rules – so that the classroom’s overall behavior will result in a desired 
graph. For instance, the student may wish for the classroom to create a step-shaped graph. In 
preparing for running the activity, this student would have to analyze the step-shaped graph so as 
to compose agent rules of behavior that would yield this graph. Presumably, the student develops 
a “graph narrative” or “agent-based graph story” that interprets the graph in terms of student 
action and how it should change at landmark moments. For instance, to create a step-shaped 
graph, the student may determine actions that result in vertical rises in the graph (a group of x 
students are infected all at once) and other actions that result in horizontal stretches (students all 
act so as not to become infected), and these vertical and horizontal phases need to be repeated. 
Thus, in planning the classroom action, the student must also apportion the total number of 
students in the classroom into as many steps as there are on the graph.  
 
The “My Graph Rules!” activity was developed by the design team to support student graph 
fluency by focusing student attention on graph elements both as situated macro events (e.g., rates 
of change in infection) and in terms of micro events (student–agent behavior). Note that whereas 
the “classic” Disease activity affords an essentially agent-to-aggregate experience—changing 
agent rules and observing aggregate outcomes—the “My Graph Rules!” activity affords an 
essentially aggregate-to-agent experience—first creating a graph that has not yet been generated 
by the PSA and only then establishing the implications of this graph in terms of agent behavior. 
Thus, the “My Graph Rules!” activity is complementary to the classic Disease activity in terms 
of agent–aggregate entry points. Also, whereas the classic Disease activity bears an implicit 
assumption that students are behaving spontaneously, the “My Graph Rules!” activity leaders 
explicitly assigns specific rules to specific agents at specific moments. In this sense, the graph in 
“My Graph Rules!” could still be said to emerge from student action, but there is little if any 
surprise in this emergence, seeing as it is planned and controlled. This juxtaposition between the 
two complementary activities may foreground the implicit assumptions in each design and, 
possibly, illuminate issues of agent agency, free will, and determinism vs. randomness. Also, the 
complementarity of the two activities is designed to help students develop alternative 
conceptualizations of systems, to use these as optional entry points, and to connect between 
them. 
 
3.2.4 Day 4 
On the fourth day of the implementation, the students experienced a new activity, “My Graph 
Rules!” The lesson was structured as follows: 

(a) Recap of the activities on the previous day. This recap was assisted by printouts students 
received of the three graphs produced on the previous day (see Figure 6., on the previous 
page) (12 minutes).  

(b) Run #1 of “My Graph Rules!”: A student introduces a graph on the blackboard and 
explains the rules for producing this graph. Next, the student leads the classroom in 
producing the graph through the participatory simulation activity. Finally, the classroom 
discusses the results, evaluating the success of the collaborative process (16 minutes). 

(c) Run #2 of “My Graph Rules!” (19 minutes). 
 
Student discussion of the previous day’s activities was assisted by handouts containing 
screenshots of graph outputs from those activities. The graphs not only evoked student memory 
of each experimental run—the graphs appeared to structure student narrative of their shared 
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experience: students read the “graph stories” from left to right, focusing on turning points as 
“chapters” in their narrative; students spontaneously furnished explanations for the turning 
points, as though these moments warranted inquiry into underlying causal mechanisms, whereas 
the continuous segments were of less interest and warranted only cursory description. For 
example, students said, “It was slow at first but then it got faster,” “It was going steady, but then 
it got easier to infect, all of a sudden.” 
 
To explain the processes underlying the graphs, and not only compare between segments along 
the graphs, students used agent-level descriptions. For instance, “We changed the speed of how 
many spaces we could move” or, “When students moved faster, it spread slower.” The 
discussion also elicited student confusion between randomness at the agent level (any agent 
could be infected next) and determinism at the aggregate level (characteristic graph shapes, e.g., 
the S-curve). In particular, Judy said, “I just don’t think that, like, I mean—how the graphs go—
it’s a little bit random, because I mean it depends on how well people do in getting away from 
the first person that’s sick.” The researcher/participant-facilitator responded that perhaps one 
could nevertheless speak of classes of graphs—even though the individual graphs are jagged, 
repeating the experiments under similar starting conditions would yield sufficiently-similar 
graphs so that one can speak of a certain overall consistency that is independent of chaotic local 
behaviors. 
 
The “My Graph Rules!” activities were marked by student leadership. In the first run (see 
Appendix E), a student, Ben, led the classroom in constructing a step-shaped graph. Ben draws 
his desired graph on the blackboard (see Figure 7a.) and then explains his strategy for achieving 
this graph:  

“One person is infected and if you stay away from… like that person doesn’t infect 
anyone until this point [turning point where the graph slants up], and then at that point it 
starts infecting people and it goes up, and then those people stay away from those [that 
are infected; second turning point, where the graph arrives at a plateau.]  

Toward enacting the simulation, Ben reiterates the rules that will presumably yield the graph:  
Stay away from the one that’s infected. And then, I guess, move near him. And once it 
gets to this point, start moving away again. 

Another student, Toby, offers a different strategy for achieving the same graph:  
“I think there’s another way to get that. You can divide the class in two groups. So he’ll 
say like, “Group 1, go by the infected person.” So it will just like, at that time, so it will 
go up, and then just tell the second group to, like, stay away, until he tells them to.”  

Thus, the graph that the first student had drawn on the blackboard afforded alternative agent-
based engineering solutions and constituted an artifact enabling peer argumentation over micro–
macro relations inherent in complex phenomena. The teacher asked Ben to lead the classroom 
first, suggesting the Toby would subsequently have an opportunity, too.  
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a.        b. 

Figure 7. “My Graph Rules!” activity: (a) the graph Ben designed; and (b) the graph achieved 
through classroom collaboration in the “Disease” participatory-simulation activity. 

 
Ben leads the classroom and, with some support and encouragement from the facilitators, 
achieves a step-shaped graph (see Figure 7b.). Students then discuss whether Ben was successful, 
that is, they negotiate criteria for evaluating the goodness of fit between the desired and achieved 
graphs. Some students, including Ben, said that the achieved graph fell short from the desired 
graph (“it’s messed up”), whereas other students reckoned that the graphs, if differing in details, 
were essentially of the same quality—they both had “steps,” and steps is what Ben was trying to 
create. In a poll, roughly half of the classroom judged that Ben had been successful. The teacher 
reminded students of the discussion around Judy’s remark, earlier that day, concerning the 
randomness of agent behaviors that does not necessarily change the overall shape of graphs. 
 

  
 

Figure 8. “My Graph Rules!” activity: an alternative method for achieving a step graph. 
 
Next, Toby, the student who had offered an alternative strategy for achieving the step graph, 
leads the classroom. He draws on the blackboard a step graph that has six steps (Figure 8, above, 
on the left), and explains the following:  
 

It’s kind of similar to Ben’s. So we’re going to have to make probably… I’m going to 
divide the class into six groups. I’ll give you guys group names, and when I say “go,” 
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we’ll all charge into the infected. And we’ll all have one step. [Toby assigns students to 
groups.] We’ll get one person infected, and whoever’s infected, try to stay away from 
everyone else. All the other people…groups… are going to be up over, like, on top and 
let the infected stay at the bottom. […] Everyone spread out, because we’re not going to 
know who’s the infected. The monster’s on top of the butterfly. Get off of the butterfly!  

 
Toby leads the class. Students are not entirely cooperative—some students do not act on cue 
according to his instructions. Following this run, upon evaluating the graph (see Figure 8, above, 
on the right), students reflect that had they been more cooperative, Toby’s plan would have 
succeeded. Still, some students believed that the graph was sufficiently step-like, albeit only a 
few students held this opinion. Toby observed that he could have been more methodical in 
timing his instructions to the groups.  
 
In hindsight, this “My Graph Rules!” experience could have afforded a classroom discussion of 
randomness as it relates to engineering: Ben, who had not assigned individual roles to students, 
was more successful in creating a step graph as compared to Toby. It appears that Ben’s plan was 
more tolerant of emergent contingencies and of the accuracy of student–agent execution of their 
assigned “rules.”  
 
The lesson ended with the teacher promising more opportunities for students to lead “My Graph 
Rules!” activities the following day. She also asked of students to prepare any remaining 
questions about the design, seeing as the next day was to be the last day of the implementation. 
Following, we discuss student questions. 
 
Student written input, each about one paragraph in length, ranged along at least the following 
dimensions: (a) modeling; (b) simulation under different conditions; (c) rate-of-change issues; 
(d) technology; (e) forms of representation (graphs); (f) nature of participation in implementation 
(non-content issues); and (g) motivation. Here are several examples of student response: 

- Questions I have: Could you increase the space and see what happens?  Also, 
what if only certain people can get the disease?  Do you guys have to leave?  It's 
fun. I think we did this activity to see how many ways a disease can spread and to 
see how we respond to it and what we think about things. 

- What I have been finding interesting is that all the graphs are different but all of 
them have some sort of jump or incensement.  I am still confused about why the 
disease goes on the animals right away and not by 50/50 like in real life.  I think 
that our participation in this disease study has been important because we 
contributed to the university's research on how diseases spread. 

- What I find interesting about the Disease project is how when one person is 
diseased the project takes almost the same kind of looking graph than when there 
was one person and nobody knew who was infected. 

- Something that I found interesting in this study was that you could do all these 
simulations on a calculator I think that is cool. 

- I've been finding the disease game interesting because of the fact that I like 
playing games a lot. 

 
 



 

  

30 

 
3.2.5 Day 5 
On the fifth and final day of the implementation, students worked further on the “My Graph 
Rules!” activity: 

(a) Preliminary discussion, recapping the previous day, assisted by handouts (3 minutes) 
(b) Tanish leads the classroom to create a graph with a single sudden rise (17 minutes) 
(c) Dossia leads the classroom in creating a graph that dips and rises again (24) 
(d) Wrap up of the implementation (2 minutes) 

 
Tanish volunteers to lead the classroom. Before copying his graph from a sheet of paper onto the 
blackboard (see Figure 9, below on the left), the following conversation takes place between 
Tanish, the researcher, and several students seated near Tanvir. The researcher asked Tanish how 
he would achieve his graph:  

Tanish: In the graph we put like two peoples on top of each other and then we like infect 
one person, and then he infects two people, and then those two people infect another 
person—two more people—and then it just keeps going on until everybody’s 
infected. 

Mr. A.: Fantastic. So what are the rules you’re going to give people to do that? 
Tanvir: It’s like, “Find someone and stand on top of him,” I guess. 
Toby: Or, stand up on top of each other. [gestures “stacking”] 
Shandy: Get everybody on top of each other. And then make the disease attack them all! 

And then it will just keep going up. [gestures long slope rising up and to the left]. 
 

  
Figure 9.  Tanish’s planned and achieved graphs in “My Graph Rules!” All get infected at once. 

 
Tanish comes up to the board, draws the graph (see Figure 9, on the left), and details the 
following plan for achieving the graph in the participatory simulation (note how he integrates 
Toby and Shandy’s suggestions):  

So here’s what we’re going to do. We’re going to all go on top of each other. And then 
we’re going to infect one person, and then—we could do it in two ways: two people on 
top of each other and then two more people on top of each other—it just keeps on going 
like that. And then one person gets infected, and then in a chain reaction, it would just 
infect two people, and then they could infect two more people—it just keeps on going 
like that. Or we could have everybody on top of everybody all at once, and then we 
could just infect one person, and that person goes and infects everybody. 
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For his first method, Tanish suggests enacting a chain reaction, with each infected agent 
infecting another single agent, and it appears that he is intending two parallel chains of infection. 
For his second method, Tanish suggests that a single infected agent will infect all the other 
agents, possibly infecting them sequentially (one after another). Note that whereas in the first 
method, each agent will infect only one other agent, in the second method, the infected agent 
infects many agents. Recall that in the “generic” Disease activity, infected agents are likely to 
infect more than one agent, and it is precisely this feature of the phenomenon that gives rise to 
the characteristic ebbing and waxing of the graph. So why does Tanish not suggest a method that 
integrates “paralleling”/“chaining” (see Levi & Wilensky, 2005) with multiple infecting? It could 
be that integrating these causal mechanisms is difficult for Tanish at this point. One 
interpretation of Tanish’s difficulty is in terms of the number of agent units whose actions he can 
simulate simultaneously. In the latter method (single active agent), Tanish focuses on the actions 
of a single agent, with all other agents playing a passive role in the model. In the former method 
(chain reaction), Tanish multiplies (doubles) the number of active agents he simulates mentally 
by assuming a parallel chain reaction between agent units each composed of two agents. In both 
methods, the infection advances in discrete gestures of the “agent unit.”  
 
A discussion ensues in the classroom in which students evaluate the potential of the two methods 
in terms of their likelihood of achieving the desired goal. Some students believe the former 
method (“Everybody get on top of someone”) will create a step graph, whereas the latter method 
(“Everybody on top of everybody all at once”) will create the desired graph. Some students 
believe that the former method is harder to articulate due to classroom management issues; they 
cite the unruliness of some students’ behavior on the previous day, when Toby was trying to 
control the classroom. Thus, for the second time within two implementation days, students 
discuss the friability of a rule system for multiple agents that demands excessive control. Again, 
this context creates an opportunity to discuss chaotic vs. deterministic systems and how the 
chaotic systems need not be “messy” in terms of their results. 
 
Students attempt to enact the former method, but over several minutes of attempts, students 
cannot follow this rule—students keep moving around, and there is no coordination between 
pairs as to who is staying put and who is joining the same location (“climbing on top of him”). 
Without any explicit coordination, students congregate in the four corners of the graphics 
window (see Figure 10, below). The facilitators ask students why this occurred, but students 
cannot come up with an explanation of this emergent phenomenon they had all just been party to. 
Finally, students decide to use the second method (“Everybody on top of everybody all at once”) 
and the desired graph is achieved (see Figure 9., above, on the right).  
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Figure 10. Emergent agent aggregation in the four corners of the shared space. 

 
Next, Dossia leads the classroom in enacting her graph (see Figure 11, below, on the left). 
Doessia’s episode is of particular interest in terms of students building agent-based graph stories, 
because, as it turns out, she had not given sufficient thought to the implications of a dip in the 
graph (a decrease in the number of infected agents). This oversight creates opportunities both for 
articulating carefully the meaning of the graph’s orientation and for introducing a new version of 
the Disease activity that allows for agents to become uninfected (“Doctors” cure them). 
 
Dossia volunteers to come to the blackboard. Approaching the blackboard, she apologizes that 
her graph is “deformed.” She draws her graph (see Figure 10, below, on the left). She explains 
her agent-based graph story: 

At first, it’s just like one or two people, and then it’s 4 and then it like stays the same and 
then it gets higher—probably like 5 or 10—and then it goes like… wait!!…how can it go 
down??… It can’t go down!…  

Students suggest that there should be some sort of “program” that allows for agents to become 
uninfected; that there should be some kind of medicine; a doctor. As it so happened, the design 
team had created on the previous day a version of Disease that includes doctor–agents. We 
switch to the this version of the model. Dossia explains: 

And then like, the “doctor” comes in, and then, like, a certain amount of people get 
healthy, and then, like, it goes back to all of the people get infected. 

Dossia leads the classroom, orchestrating student movement. In particular, she instructs students 
to go to the doctor–agent to become cured (the dip in the graph) and then go and become infected 
again. Once again, some discussion ensues as to whether or not the classroom achieved a good-
enough fit between the desired and achieved graph. Opinions are mixed, with some students 
opining that some students were, again, disobedient. Ashla summarizes the activity: 

It does look like Dossia’s at first, since it took a while for everybody to get infected. It’s 
kind of straight. And then everybody got infected, and then she told us to go to the 
doctor, and everybody ended up getting better, so that’s where the graph went down. And 
then she told us to get infected again, so that’s where the graph went up again. 

The facilitators praise Dossia and the classroom for accomplishing this complicated task. 



 

  

33 

 

   
Figure 11.  Planned and achieved graphs in a “My Graph Rules!” activity. Note dip in graph. 

 
Dossia’s “My Graph Rules!” episode can be interpreted as a case of students building meaning 
for mathematical representations within a cultural communicative space. At first, Dossia says her 
graph is “deformed.” Only through attempting to “storyize” her graph, does Dossia suddenly 
realize the meaning of her downward-facing graph. This meaning is further elaborated for herself 
(and her classmates) through the task of defining rules for her simulation participants. The 
simulation itself is an opportunity for other students to build personal meaning for the graph. The 
graph becomes a story. The graph is “storyized.” Thus, the meaning-making comes full circle. 
Ashla and her classmates share experience-based meaning for Dossia’s “deformed” graph. The 
“deformed” graph grew up to become a classroom swan. 
 
With the completion of the fifth implementation day, the teacher, students, and researchers 
remained with a sense that more time would be useful and productive to further explore the 
potential of the design. As the teacher said towards the end of the lesson, “You guys are going to 
have to stay here for another month to try out all these [student] ideas.” Students reported that 
they were highly engaged with the activity and that they became progressively more comfortable 
with the HubNet system.  
 
Summary:  
Student interaction with simulations of complex phenomena (such as the spread of a disease) 
both elicits mistaken assumptions about these phenomena and, potentially, fosters opportunities 
for the students to articulate and modify their assumptions through understanding the unique 
nature of these phenomena. Dimensions of complex phenomena that trigger agent-to-aggregate 
incorrect inferences include spatial–dynamic cues inherent in the simulations, such as the agents’ 
velocity and density, as well as more conceptual or mental-simulation reasoning that interacts 
with the spatial–dynamic cues, such as: (a) failing to anticipate emergence inherent in agents’ 
rule-based interactions; (b) inappropriate proportional reasoning; (c) randomness–determinism 
confusions; and (d) ignoring the effect of feedback loops. We conclude that “complex-system 
heuristics” are difficult to develop, because they often run counter to the knee-jerk “linear-
system heuristics” that appear to be more grounded in students’ everyday experiences.  
 
3.3 Pre/Post-Intervention Student Interviews 
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Analysis of student response on the pre/post-intervention interview items, and specifically the 
pre-to-post comparison of student response revealed several dimensions each of which is 
indicative of an interventional effect. The comparison is quantified along the following 
dimensions, in which student post-intervention responses scored higher than the pre-intervention 
responses:  

(a) Process. In the post-interview, students were more prone to elaborate on processes 
underlying the hypothetical situations—i.e., they unpack the before-to-after transition 
into a sequence of micro events. That is, the intervention had a significant effect in terms 
of ‘process,’ t(15) = 1.56, p < .05, with post-test interviews showing more instances of 
references to the process between a beginning state and an end state of a complex 
dynamic phenomenon. For example, a student who on the pre-intervention interview was 
asked to describe what happens when students scatter, responded, “Well mostly we 
separate to, like, different parts of the room.” This same student responded to the same 
prompt on the post-intervention, “Alright people are….right here packed up in the 
middle. They will go to the corners like right here and then people'll just go right 
here….Like they will just spread out and the same person who was there, or somebody 
else will be the last ones to move and just move a little bit off or stay in the same place.” 

In the conclusion, we will suggest that attention to process supports student understanding of 
mechanism – they understand that the behavior (and interaction) of the agents is the 
mechanism that results in the graph. 
(b) Variability. On the post-intervention interview, students more often explained situations 

in which the agents’ behavior differed even though the agents’ rules were identical. That 
is, the intervention had a significant effect in terms of ‘variability,’ t(15) = 2.31, p < .002, 
with post-test interviews showing more instances of references to the variability within 
complex dynamic phenomena. Three types of variability that students noted are relevant 
to the study of complex systems. Between-agent variability is the insight that 
simultaneously active agents may share rules but act differently due to differences in their 
respective circumstances. Within-agent variability is the insight that a single agent, who 
maintains the same set of rules throughout the execution of some task, may nevertheless 
change its perceived behavior due to a change in circumstances. Between ‘run’ variability 
is the insight that the phenomenon, as a whole, may play out differently on different 
occasions (akin to different ‘runs’ through the simulation). This latter type of variability 
results both from randomly distributed agent properties and from changes in the 
environment. An example of a pre-interview student who does not attend to variability is 
the following: “She said, like, ‘scatter,’ so everybody spread out -- go all over the rooms -
- so everybody go to like a different side like in the middle of the room or the side just 
like that...” On the post-intervention interview, this same student expressed a greater 
variability: “They see that people are going to try to avoid... Like this guy is going to 
avoid him, and these two are all equally apart. Like you see here, this line, see they’re 
like separated and, notice, are kind of equally apart, but there’s all these people here that 
are far are away from them, but they’re all close together there, for some reason.” In the 
Conclusions section, below, we suggest that noting variability, both within- and between-
agent variability, is pivotal for the “proceduralization of narrative,” i.e., for an ontological 
shift in the status of behavior, from narrative-based (‘what happened’) to rule-based (an 
enacted property of the agent). 
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(c) Agent-Based Interactivity. Students were more likely, in the post-intervention interview, 
to situate agent behavior within the context of the other agents’ behavior and not just 
describe the agents’ behavior as though it were independent of the behavior of other 
agents. That is, the intervention had a significant effect in terms of ‘interactivity,’ t(15) = 
1.9, p < .007, with post-test interviews showing more instances of references to the 
interactivity within complex dynamic phenomena. For instance, on the pre-intervention 
interview, some students described the scatter as an agent’s self-directed movement 
towards a specific spot, whereas on the post-intervention interview more students 
described the agents’ movement as a negotiation in accordance with other agents’ 
movement.  

(d) Agent-based rules (firing iteratively). On the post-test, students were more likely to 
express their understanding of a dynamic phenomenon in terms of rule-based agent 
behavior. That is, the intervention had a significant effect in terms of ‘rules,’ t(15) = .75, 
p < .02, with post-test interviews showing more instances of references to the rules within 
complex dynamic phenomena. For example, in the post-intervention interview, one 
student used IF–THEN structures to discern three rules affecting students’ behavior in 
Scatter: (a) students attempt to maintain equal distances from each other; (b) students 
respond to other students’ facial cues that indicate whether or not they may go nearer; 
and (c) students correct their course of running to avoid collision with large packs of 
students, because these packs themselves are about to “explode” in different directions. 
(Note that in coding for rule-based expressions, we looked specifically for rules that 
delineate individual-agent actions that are contingent on situations—we did not include 
macro-level descriptions of typical systemic behavior.) 

(e) Determinism vs. Randomness (Central Command vs. Emergence). A student said in the 
pre-intervention interview that, “She says scatter [and then], like, three go over here and 
two go over here in this corner, and they just go as far as possible….[I could] 
demonstrate where you're supposed to go.” In the post-intervention interview, this 
student said, “[You see] like [students] running around, or running away from 
something….the point is to be separated, isolated from one another….You go there, well, 
they’re going there, so I’ll go there….And unless the teacher’s like ‘Ok, everyone stop,’ 
then they just have to make their own decision when they think it’s appropriate to 
stop….In ‘Scatter’ you don’t know what you’re doing.” The difference between these 
two responses is that whereas the former describes a more-or-less orderly activity with 
pre-determined results at the level of each individual, the latter describes a chaotic system 
that is attracted through agent-rule-based activity to a general configuration. From a 
related theoretical perspective that focuses on the source of determinism, on the post-test 
students were more apt to describe a process that did not include a “central mind” 
administering instructions—rather, they described a pattern emerging from the activity of 
many agents operating upon rules applied to their local contingencies. The intervention 
had a weak effect in terms of ‘determinism vs. randomness,’ t(15) = .75, p < .08, with 
post-test interviews showing more instances of references to the randomness within 
complex dynamic phenomena. The weakness of this effect is largely due to challenges in 
interpreting (and thus, coding) students’ responses vis-à-vis the randomness dimension. 
Specifically, the data set suggests that a more nuanced theoretical approach is needed to 
inform a methodology for interpreting students’ understanding of randomness. For 
instance, an articulate student who had, on the pre-intervention interview referred to the 
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agents’ behavior as ‘random,’ relinquished all reference to randomness in the later 
interview. Instead, this student couched the agents’ behavior in terms of their alleged 
rules, as though his prior sense of randomness had been dispersed and supplanted through 
insight into the agents’ decision-making process. The more nuanced approach should 
code this as an advance rather than a regression. 

(f) Modeling. In the post-intervention, students used the available modeling kit earlier in 
responding to the items. That is, the intervention had a significant effect in terms of 
‘modeling,’ t(15) = 2.62, p < .003, with students showing earlier usage of modeling—
about 440 words earlier—, on the post-intervention interview, as compared to the pre-
intervention interview, when they were communicating their reasoning about complex 
dynamic phenomena. This finding suggests that students learned to appreciate the value 
of thinking tools in augmenting their personal mental capacity, at least in facilitating 
communication about their thinking about complexity.  

(g) Elaboration. Students’ responses, as measured by number of words per prompt, tended to 
be longer on the post-intervention interview than on the pre-intervention interview. That 
is, the intervention had a significant effect in terms of ‘elaboration,’ t(15) = 11, p < .02. 
Whereas this finding in isolation may point to a change in students’ disposition toward 
modeling, the finding must be interpreted with caution as it may be due to students’ 
increased comfort with the individuals who interviewed them.  

 
As a summary example, here is a case of a student thinking through the hypothetical situation of 
a rumor spreading through his classroom—a rumor to the effect that there is a homework 
assignment for math class. In the pre-intervention interview, this student described the spread of 
the rumor thus: “That person tells someone, that person tells more, and it just keeps going on in a 
cycle people keep telling other people in sort of a chain.” Here is the same student’s description 
of the spread of a rumor in the post-intervention interview, using modeling tools: 

Here’s a red one, the person with the rumor. You got the whole class right here, now, you 
got this person. If he yells it out, a good chunk of people are gonna hear. Then they’re 
going to start, then, they’ll probably, um, go out, like all these people are gonna hear, and 
these people are gonna start talking about it. “What? We have math?” and these people are 
gonna slowly hear and then everyone knows. We’ll do it… this person’s a shyer person. 
This person is gonna tell just a few of his friends, like that. And then so all these people 
know, so this person, he’s told some people so he’s not gonna tell any more. Maybe this 
person’s pretty shy too. These two are gonna tell a few more of their friends. Then you got 
all these people who know. Then maybe these two might tell some more and take them in 
like that. And then you got all these people and then you got all these people who know, so 
then, some of these people are gonna start telling people and then they’re gonna start telling 
people and it’s just gonna it’s gonna keep going on and it’ll get quicker and quicker 
because you got more people spreading it. But they might not yell out, they’re going to just 
tell groups of people. So you got that, and you got that, and this person tells these people. 
And then everyone knows.1 

                                                
1 Methodological note. In planning the Scatter item, we aimed to engage students in reflecting 
about an experience that is highly familiar to them, albeit an experience they need not have ever 
thought about deeply. In hindsight, whereas all students were highly familiar with the premise 
and situation of scattering at the beginning of a PE class, it turned out that these students were 
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Interconnected dimensions. Note that by delineating the above dimensions of learning we do not 
mean to suggest that learning occurs in isolation along these individual dimensions. Rather, we 
believe, these dimensions are interconnected and co-constructive. For example, discerning agent-
based variability may factor into an increased attention to process so as to explain the variability. 
Attending to variability in processes seen from an agent-based perspective enables students to 
articulate the phenomena they are studying in terms of incidences of rule-based behavior, 
randomness, and emergence. This learning process, and specifically a realization that parallel 
processes may give rise to unexpected patterns, can be grounded in students’ experiences with 
models and may heighten students’ reliance on modeling as a means to think through 
complexity. That said, the dimensions we have used are orthogonal. For example, a student may 
at once score high in reporting a process but low in using an agent-based perspective. 
 
Individual differences. Students ranged in the quality of their responses on the pre-and-post 
interviews, and these individual differences by and large reflected the teachers’ pre-intervention 
rating of these students’ prior achievement (high, middle, and low). Also, the students whom the 
teacher rated as higher achievers gained more through participating in the intervention as 
compared to students whom the teacher had identified as generally lower achievers. Following is 
an example of a lower-achieving student’s response to a post-intervention request for a summary 
of the behavior of the graph in Disease: “If one person got sick, it kept going higher.” In 
contrast, here is the report from a higher achieving student:  

S: It would increase, it would keep increasing and at a faster rate as you go along. And then 
once you get to the end, it’ll probably go slower because there’s less people to infect. So I 
think it’ll probably be like, it’ll go kind of slow at the beginning, because it’s hard to infect 
someone when everyone’s avoiding just one person. Then it’ll start increasing, then it’ll 
start increasing a lot, then it’ll probably slow down. And then you got just the one person 
left….Starting out pretty slow, and then get, starting to pick up some speed, and then 
probably go really pretty fast cause there’ll be a lot of people infected, and then I think it’s 
gonna start slowing down and then end, like that. 

 
Between-item differences. The Scatter and Rumor items differed along some of the dimensions of 
complexity. For example, whereas the items were equally inviting of students’ attention to  
‘process,’ the Scatter item was more conducive to student attention to ‘variability.’ Moreover, 
the ‘agent-based rules’ dimension, which was present in the Scatter responses, was entirely 
absent from the Rumor responses. These differences between the items have implications for the 
design both of research and learning environments. That is, examining the learning utility of 
hypothetical scenarios from the perspective of our cognitive dimensions of complexity enables a 
more nuanced design and choice of items both for classroom activities and for assessment. For 
example, it may be useful to sort items according to their most salient dimension(s) of 
complexity. These findings stand in contrast to earlier work on the use of PSA (Wilensky & 
Stroup, 2000; 2001; Hurford, 2004), which show higher gains for lower achieving students. We 

                                                                                                                                                       
accustomed to a pre-planned rather than a spontaneous type of scatter procedure. Specifically, 
the PE teacher expected students to form straight lines, and some students had their favorite 
places where they would advance directly. Nevertheless, this inauthenticity did not appear to mar 
the students’ willingness or ability to discuss a more agent-based approach to scattering. 
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are puzzled by this contrast. Perhaps it can be explained by the intensive graphing and graph 
interpretation activities. These skills may have served as gatekeepers that may not have been 
previously mastered by the lower achieving students. 
 
4. Conclusions 
4.1 Effectiveness 
 
Analysis of classroom discussion during the PSA revealed several dimensions of complex 
phenomena that initially triggered incorrect agent-to-aggregate explanations. These included 
spatial–dynamic cues inherent in the simulations, such as the individual agents’ velocity and 
group density, as well as more conceptual or mental-simulation reasoning that interacts with the 
spatial–dynamic cues, such as: (a) failing to anticipate emergence inherent in agents’ rule-based 
interactions; (b) proportional and linear reasoning; (c) randomness–determinism confusions; and 
(d) ignoring the effect of feedback loops. The data suggest that “complex-system heuristics” are 
cognitively challenging because they often run counter to the automatized “simple-system 
heuristics” that students typically employ. 
 
Nevertheless, analysis of the pre/post data revealed a patterned shift in student reasoning. We 
interpret the progress in students’ reasoning as indicating that students leveraged heuristics 
embedded in the participatory simulation activities as reasoning tools that they applied when 
engaging in problem-solving complex-systems situations. In particular, it appears as though 
students learned to inhibit “simple” responses and, instead, to complexify their models of 
systemic phenomena to build and defend their assertions. That students successfully navigated 
between agent-based and aggregate descriptive models supports Wilensky and Stroup (2000). 
That students could ‘storyize’ an emergent process as a confluence of parallel local interactions 
raises questions for Chi (2005), who posits that these are ontologically distinct and, thus, 
unbridgeable.  
 
4.2 Learning Trajectories 
 
Based on findings from students’ responses to the pre- and post-test items, we propose the 
following learning trajectory for students engaging in learning complexity. Students have first to 
experience the insufficiency of a default expectation that “all processes always occur at constant 
rates.” Such development appears to be contingent on students’ having discerned variation 
within the process they are examining. Noticing variation problematizes students’ expectation of 
consistent change. Next, students may formulate more sophisticated rules to capture their new 
insights. These rules may be qualitative, as in a depiction of the “profile” of a process, e.g., the 
rate grows, sustains for a while, and then decreases. The rules may also be quantitative–
relational, e.g., moving from an expectation of a linear growth (“It keeps adding +8”) to an 
expectation of an exponential growth (“It keeps multiplying”). The generalizability of this 
developmental conjecture should be tempered by: (a) a methodological constraint—one tool of 
measurement, the questionnaire, was such that may have implicitly encouraged students to adopt, 
initially, a linear perspective (but see Levy & Wilensky, 2004, on how students’ default 
expectation is one of linearity); and (b) a developmental constraint—students’ insight into 
physical processes may be constrained by their mathematical fluency that frames what they can 
‘see’ in the data. 
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4.3 The Birth of Rules: Procedurization of Narrative and the Ontological Shift in the Status of 
Behavior 
In the context of discussing children, computers, and 'powerful ideas,' Papert (1980) has written 
about the potential contribution of “procedurizing” activities, even prosaic skills such as 
juggling, to a deeper understanding of these activities. The constraint of the computational 
environment -- i.e., the syntactical/logical demands of procedure-based articulation of action -- 
supports insight into the elemental components of the action, the sequence of these components, 
and their rule-based interconnectivity to sub- and super-procedures. Results from our PSA 
intervention, and in particular from the post-intervention questionnaire and interview, support the 
following conjecture as to the unique contribution of process-based reasoning to deep 
phenomenal understanding, especially as it is related to the psychology of complexity.  
 
Couching phenomena in terms of agents' rule-based behavior (i.e., 'proceduralizing') marks an 
ontological shift in the status of this perceived behavior -- from a narrative (what the agent does) 
to a property of the agent (the agent ‘has’ this rule). Yet, unlike material properties, e.g., “The 
agent is round/blue/heavy,” a rule is a special property that is necessarily instantiated through 
space and time. The expression of a rule is spatially–temporally bound to the arena of action, to 
shifting contingencies. The rule, once articulated, is psychologically extricated from the observed 
behavior—the behavior becomes epiphenomenal to the rule. The rule is core and the behavior 
transient, contingent, ephemeral. The set of rules is constant, it is a template for successfully 
executing some task by responding to ongoing feedback from the environment, including other 
agents’ activity. Rules are “genotypical’ and behavior is “phenotypical.” This shift in the 
ontological status of behavior—from that which is perceived (a narrative of ‘what happened’) to 
that which is predicted (this is how I expect the agents to behave under such-and-such given 
circumstances) in turn invites attention to how a process plays out; attention to the sequence of 
micro-events that subtend the before-to-after transition. Rule-based construction of phenomena 
no longer admits a stark report, such as, “We all start out in the middle and then we each go 
somewhere else in the gym”—the rule-based construction of perceived phenomena begs a 
detailed explanatory narrative to fill the temporal gap that suddenly yawns between ‘before’ and 
‘after.’ It invites students to mind the gap. 
 
4.4 Modeling 
Modeling appears to be essential for thinking about complexity, because the materiality of 
modeling objects, e.g., plastic cubes, does not enable a “digital” all-at-once transformation of the 
model between ‘before’ and ‘after’ states, and so the modeler must perform an “analog” 
procedure, which, in turn, suggests the process that had been missing in the mental 
representation of the dynamic phenomena. That is, the pragmatic caveat of “just moving stuff 
around on the desk” is a learning opportunity: the student begins by performing the 
transformation on the elements in a perfunctory fashion, e.g., relocates the cubes, yet by virtue of 
relocating these cubes, the student encounters topological constraints, e.g., s/he must negotiate 
the intersecting routes in the passage of the cubes. These essential modeling actions, which may 
initially appear to an onlooker as trivial and irrelevant to that which is being modeled, in fact 
potentially draw attention to constraints in the phenomenon itself. 
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Modeling tools, functioning as supports for reasoning through hypothetical situations, were 
integral to the classroom activities (the PSA) and were optional within the interview interaction. 
Students’ use of modeling in reasoning through the problem situations played a critical role in 
drawing their attention to variability and randomness in the dynamic situations; working with 
models enabled students to develop and articulate their sense of how a situation may play out in 
terms of agent-rule-based emergence. At times, students who, in the absence of modeling 
supports, did not attend to a situation’s complexity, became cognizant of this complexity once 
the supports were made available. A striking example is that of a student who, in the post-
intervention interview, was asked to explain propagation of the disease in the PSA. He began by 
reporting a chain pattern—A infects B, who infects C, who, in turn, infects D, etc. However, the 
moment this student was asked to report his own experience in the PSA, he attended to the 
parallelism inherent in the activity—A infects B and then A goes on to infect C, while B is 
infecting D. 
 
Whereas we submit that students should learn to model situations and simulate hypotheses, we 
believe that choosing appropriate modeling tools for a given situation is at least as valuable a 
skill as using these modeling tools effectively. That is, for a learning environment to truly foster 
‘authentic inquiry,’ students should have access to a variety of modeling tools and ample 
opportunities to explore the suitability of various tools for various problem spaces. (For a timely 
voice from the past on the role of media in reasoning through dynamic phenomena, see Walter 
Benjamin, 1968, in his essay, “The work of art in the age of mechanical reproduction.”) 
 
4.5 Limitations of the Unit and Future Work 
Facilitating a PSA for the first time is a demanding task for a teacher. In preparing for teaching 
the unit, all teachers need to become comfortable with operating the modeling environment. 
While running the activity, teachers must manage open-ended inquiry that is limited only by the 
teacher and students’ familiarity with the modeling environment. Finally, for many teachers the 
field of complexity may be a new scientific domain, let alone a pedagogical domain. We are 
currently providing workshops and on-line support for the “first generation” teachers who are 
using these PSA in their classrooms.  
 
Analysis of the collective data from students in the bottom third of the classroom suggests that 
these students need more support than we administered during the intervention reported in this 
paper. For these students, further articulation is needed of the principles of complex systems that 
emerged in the classroom discussion but were perhaps not sufficiently summarized in terms of 
“take home” heuristics. However, such articulation of principles may defeat the experiential 
aspect of the unit. We recommend discourse practices that encourage students to compare and 
contrast complex phenomena that they are modeling. Yet such compare-and-contrast discussions 
are possible only once students have worked with several different PSA. Thus, for all students, a 
single week of investigating complex systems is insufficient for arriving at a set of skills for 
successfully modeling complexity. We are currently beginning to outline a complexity strand for 
K–16 curriculum that responds to this need. 
 
We are also in the process of completing the design of additional PSA for new domains, 
including economics, statistics, robotics, and civil engineering, and will be implementing these 
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designs (see Abrahamson & Wilensky, 2004; Berland & Wilensky, 2004). The implementations 
will include high-school and college students as well as middle-school students.  
 
Although additional research is necessary to investigate the replicability and scalability of this 
experimental unit on complexity, the participants’ learning gains suggest that middle-school 
students can understand and apply basic ideas of complexity and that the PSA design is an 
important component to include in environments for learning complex systems. 
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Appendices 
 

Appendix A 
 
 
 

Name of student (PRINT): ________________________________      
Date _____________ 

 
 
 

Center for Connected Learning and Computer-Based Modeling 
Northwestern University 

 
Science-and-Mathematics Computer-Models Project at Stone Scholastic 

Academy, January/February 2004 
 
Dear student, 
 
We’re happy to have you in our project.  Thank you so much for being a 
volunteer.  We hope you will enjoy working with us.  You will be a pioneer 
in using our new technology that in the future many students all over the 
world will use. 
 
This is a questionnaire that will help us find out what you already know and 
what is new for you.  So some questions might be easy.  Other questions 
might be hard.  But that’s fine, because we haven’t yet started the project, 
right?  This is not a school test and has nothing to do with your grades.  So 
you can feel very comfortable telling us what you don’t understand.  That 
way, we’ll know what we need to teach you! 
 
Please answer these questions. We care very much about your choices. 
However, we don’t know what goes on in your head before you decide to 
circle this answer or that.  So make sure to explain your thinking in writing.  
You can write as much as you want. If you run out of space, either use the 
extra page and the end of this questionnaire or just ask for more paper. 
Thank you, 
 
The design team.    
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MOLDY BREAD  

 

Ralph’s teacher gave him 

a slice of bread with small spots 

of mold on it to do an 

experiment on mold. To do the 

experiment, Ralph used tracing 

paper that had a square grid 

printed on it. He placed the 

paper on the slice of bread and 

traced the bread outline. There 

were 100 squares covering the 

whole slice of bread. 2 squares 

covered mold spots.   

Ralph counted the number of squares covering the mold spots every day 
for some days.   He noticed that new moldy squares are always touching 
older moldy squares.    

Ralph used the following table to collect his data (see next page). 

 
 

INSTRUCTIONS 
§ Fill in the rest of the table until the whole bread is moldy.  Use as 

many rows as you need. 

 

Mold Mold 

The goal of this activity is to figure out when the mold is growing fastest. 
 

Tracing 
Paper 
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§ There is no one right way to do this. All you need to do is, each day, 
add new moldy squares that are touching old moldy squares. 

§ If you want, you can work with the picture or the graph or with both: 
o The picture of the slice of bread can be used to draw in the 

moldy squares.  You can use different colors for different 
days. 

o The grid can be used to create a graph. 
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Fill this in.    You can draw here.    
 You can build a graph here. 

Time Total  # of 
Moldy 

Squares 
Day   1 2 
Day   2 10 
Day   3  
Day   4  
Day   5  
Day   6  
Day   7  
Day   8  
Day   9  
Day 10  
Day 11  
Day 12  
Day 13  
Day 14  
Day 15  
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1. When is the mold spreading fastest? Mark one of the following sentences. 
 

�  The mold is spreading in the same way on all the days     
�  The mold is spreading fastest on day(s) _______ 

 

Explain your answer: 
____________________________________________________________

________ 

______________________________________________________________________

_____________________________ 

______________________________________________________________________

_____________________________ 

 
2. Circle which of the following graphs is most like the data in your 
table. 

Time

M
ol

d 
S
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e

Time

M
ol

d 
S
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e

Time

M
ol

d 
S
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e

Time

M
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d 
S
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e

 
Explain your choice: 
______________________________________________________________________
____ 
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______________________________________________________________________
_______________________ 
 
 
 

       

     A 
 

       

       

        

   
B    

       

 

3. The black squares on this slice 
are moldy.   
Which square do you predict will get 
moldy first? 
  

 A        B 
  

Are you sure? Explain your 
choice:  
 
__________________________________
____________ 
 
__________________________________
____________ 
 
__________________________________
____________ 
 
__________________________________
____________ 

 
    
____________________________________
__________ 
 
____________________________________
__________ 
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4. Two Slices: 
Imagine you had two slices of bread each with just one moldy square.  One 
slice had the moldy square in the middle.  The other one had the moldy 
square in the corner. 
 
Would the mold have spread differently for the two slices of bread? 
 

  Yes           No 
 
Explain your answer: 
____________________________________________________________
________ 
 
 
____________________________________________________________
__________________________ 
 
 
____________________________________________________________
__________________________ 
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5. Bigger Slice. 
Ralph now decided to use a much larger slice of bread that is covered by 
400 squares (not just 100 squares).  The slice starts out with two moldy 
squares.  He lets the mold grow for a number of days and then he 
measures the mold size.  Ralph predicted that it would take longer for the 
mold to spread over this bigger slice, because there are more squares to 
cover.  His friend, Ruth, said that Ralph was wrong. She said that the mold 
on the larger slice of bread can spread faster, since many more squares 
can get moldy. 
Who do you think is correct? 
 

  Ralph 
  Ruth 
  Both Ralph and Ruth 
  Neither Ralph nor Ruth 
  
 
Explain your choice: 
____________________________________________________________
________ 
 
 
____________________________________________________________
__________________________ 
 
 
____________________________________________________________
__________________________ 
 
 
____________________________________________________________
__________________________ 
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6. Graph Stories 

Time

M
ol

d 
S
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e

Time

M
ol

d 
S
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e

Time

M
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S
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e

Time

M
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d 
S
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     A      B              C 
            D 
 
Invent a story that could be described by Graph A. 
 
____________________________________________________________
__________________________ 
 
 
____________________________________________________________
__________________________ 
 
 
____________________________________________________________
__________________________ 
 
Invent a story that could be described by graph D. 
 
____________________________________________________________
__________________________ 
 
 
____________________________________________________________
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__________________________
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7. Rain Riddle.  
Ruth woke up in the morning and 
heard the rain falling.  She put a 
container outside to collect the 
rainwater.  Every hour, she marked 
the height of the rainwater in the 
container.  
Early in the morning the rain fell very 
hard.  Later on, the rain became 
lighter and lighter, until it was only a drizzle.  In the afternoon, the rain 
stopped. 
Which of these graphs describes the height of the water in the container in the best 
way?   Circle the graph you choose 

Time
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e

Time
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e

Time

M
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Time

M
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     A      B          C  
        D 
 
 
 

Explain your answer: 
___________________________________________________________ 
____________________________________________________________     
Thank You!!! 
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Extra space for completing questions 
Question number____ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Question number____ 
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Appendix B 
Name (PRINT)______________     Date_________ 
 

Questionnaire 
Dear student, 
We’re happy to have you in our project. Please answer these questions and make 
sure to explain your thinking. You can write as much as you want but do not write 
on the back of this page—either use the extra page at the end of this questionnaire 
or just ask for more paper. 
 

1. Describe what happens when a disease spreads.  You may want to think 
about a cold, or the flu spreading in a classroom. 
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2. Mr. Turtle’s class played tag in the playground. When they came back to 
class, Amos said that tag is just like ‘Disease.’ Some students agreed with 
Amos, others did not agree, and some couldn’t decide. What do you think? 
Build a convincing argument to support your position. 
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3.  
 

 

 
 
Judy is a student in Mr. Turtle’s classroom. Her class worked with ‘Disease,’ and 
Judy got “sick” at point A on the graph. Judy said, “Every time we run ‘Disease,’ 
we get the same graph shape. So next time we run ‘Disease,’ I will get sick at…” 
 

How will Judy complete her sentence? 
 
 
 

 

 

 

 

 

 

A 

B 

C 
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Extra Space 
 

Question number___ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Question number___ 
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Appendix C 

ISME 2004: Interview Protocol 

Introduction 
This document lays out the objective and protocol of a researcher–student interview. 
The interview was planned to be conducted both before and after the student has 
participated in the ISME HubNet Participatory Simulation “Disease.” However, the 
structure and data-eliciting techniques can be used for other design-research studies in 
the domain of complex systems and other studies of student modeling. This protocol 
improves on the ISME 2003 protocol in that we have added to our research objectives a 
focus on student modeling. For this purpose, we have elaborated on the modeling-tools 
feature and now have a ‘modeling kit.’ This kit contains a variety of modeling tools.  

Structure of Interview 
The technique we are exploring for eliciting student modeling skills is: (1) to introduce 
the kit so that the student knows it is available; (2) Phase 1: to ask the student a set of 
questions but not prompt for using the modeling kit; and (3) Phase 2: if the student has 
not used the kit, to prompt the student and repeat the same set of questions. Note that 
in Phase 1 we do not want to push students to model. If the student says “Hey, I can 
show you what I mean if I use those strings in the box,” then say “Go ahead!.” However, 
if the student says, “Oh… I just don’t know how to show you what I mean,” just ask them 
to keep trying. This is probably a fine balance, but remember that we do what to use this 
interview as a measuring tool for students learning to initiate modeling. 

Content of Interview 
The interview includes three tasks that target thinking in levels, moving between levels, 
modeling, and graphing: 
 

1. Scatter (at most 15 minutes) 
2. Rumor (at most 5 minutes)  for a total of max 20 min on pre-intervention 

interview 
3. Disease (on post-implementation interview only) 

Objectives of Interview 
In all tasks, the following ideas need to be hit: 

• Elaboration of a rich description, as much as possible of their own creation 

• Levels of reasoning 
i. MY View 
ii. HIGH View 
iii. Connections 
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• Modeling: Elaboration and analysis of process between begin- and end-states 
Scenarios that elicit understanding:  
In all scenarios, we present an initial ambiguous description, and ask the kids to 
describe and elaborate.  In order for good thinking to take place, this enrichment and 
‘enactment’ are crucial.  How do we make this happen?  We can ask the child to 
describe a situation of the type presented that s/he may have experienced. Also, we can 
use simple hands-on representations to help the student explain, make her/him more 
comfortable, create a more engaging experience, and specifically support the student 
moving between levels by providing an "object to think with." 
 
Because we are interested in students’ tendency to use modeling, we are including a 
modeling kit but not requiring that students use this kit—we only mention it. The 
interview has 2 phases: during the first phase, students are not required to use the 
modeling tools. However, during the second phase, we prompt them to do so. In this 
second phase, we can use the same questions and what-ifs as in the first phase. The 
most important part is slowing them down if needed and filling in the descriptives and 
causal links. 
 

Equipment 
• Protocol 

•  (red pen for interviewer, to write stuff on what they write) 

• Your papers for writing out field notes as soon as you can 

• Camera (wide-angle)  

• Tapes 

• Tripod 

• The ‘modeling kit’: plastic tool-box with compartments – pennies, Othello 
tiles, markers, papers, scotch-tape, pencils, pens, shoe-laces / yarn – 
different length and colors, play-doh, stop-watch, rubber bands, laundry 
pegs, tapioca-size grain, a pack of cards, dice, tape measure, hierarchical 
system (e.g. king, bishop and pawns from chess).  
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SCATTER 
 

Context Question / Instruction Remarks 
Introducing the 

interview   
§ Introduction: I’m ## .  We’re from 

Northwestern.  We create new ways for 
teaching kids stuff.  We’ll be trying out some 
of these things in your classroom 

§ Asking for your help: In the classroom there 
isn’t always enough time to sit down and talk 
with each kid.  We need your help because we 
want to try and understand how you’re 
thinking about our stuff.  Some of the 
questions may be new to you or strange.  
However, there are no ‘correct’ answers, we’re 
just interested in how you make sense of these 
situations. 

§ Video and Assent: We’re going to use a video 
when we’re talking, so we can go back to it 
when it’s over and think about what happened.  
We might miss something important that you 
say, and wouldn’t like that to happen. We hope 
that this interview will be fun for you.  
However, if at any point you want to stop the 
interview, just let us know. 

In the hall 

 [You’ll have set up the camera so as to capture kid 
and desk. Now make sure all this is still in the picture. 
It helps to have the camera viewer in sight in case you 
want to make adjustments as you go along. Try to 
position the equipment so that the kid does not see 
him/her-self in the viewer. That could be distracting] 

In the room 

PHASE I –  
Introducing Scatter and allowing student 

Setting up the 
box, introduce 

 The right order will be 
different for different 
children.  Some will 
focus on beginning and 
end states, and some 
will be more comfortable 
with process – how they 
move. 

Scenario I want to talk with you about something that might happen a 
lot in your PE lesson.  Let's say your class goes down to the 
gym for PE.  You’re all standing there in a huddle waiting for 
instructions because you don’t know what you’re going to do 
today. Your instructor comes and says: “OK, we’re going to 

CAREFUL NOT TO 
USE BODY 
LANGUAGE / 
GESTURING 
Pay attention not to use 
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do some warm up jumping jacks (or stretches or push-ups), 
so I want you to scatter 

‘everybody’ words, not 
to use ‘spread’. 

Question What happens? 
[ if confused/short ] Do you know what I mean by ‘scatter’?  
Why does the teacher ask the students to scatter? 
[ alternative definition ] The students are very close 
together.  The teacher wants to move so that they 
can do the exercises. 

 

Elaborate short 
answer 

[ Elaborate ] Can you describe what happens in more detail?  

New kid story: 
describe to 
agent 

A new kid comes to class from a town where they don’t have 
gym.  Just before gym class, you have a chance to explain 
to this kid what will happen when the teacher tells you to 
Scatter.  What do you say? 

 

Phone context: 
(purely-verbal 
mode) 

If you did it on the phone, would it be any different?  

New 
immigrant:  
(possibly more 
gestural, or 
other 
representing) 

Remember, when you were explaining Scattering to a new 
kid?  What if the new kid doesn’t know English?   

Moving to non-verbal, 
possibly modeling tools 
(if they choose). If they 
keep using the word 
‘scatter’, use this 
prompt.  

High View   
• If you were up really high, and could watch your class 

scatter.  What would you see from above when they’re 
scattering?  How would you describe this to someone 
that wasn’t there? 

• Lucky spots are pasted around the gym evenly, but 
nobody knows where they are.  If you step on any one of 
them too much, that spot’s luck wears out.  Which spots 
are already luck-less / lucked-out? 

• During scattering, does the class’ speed change?   N – 
Explain.  Y - When are the kids moving fastest: right 
after the teacher says Scatter, just before the end, or in 
the middle? 
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My View Agent rule (uniform) 
• What did each kid need to do in order to scatter?   
• How do you know where to move to?   
• How would you explain to a new kid in the class what to 

do when the teacher asks you to spread out? 
 

Playing out agent rules (Variability) 
• If you were in the middle of the (cluster/row/group), 

would you know where to move? 
• What are some different things different kids did?  
• Point to their pictures – one kid in the middle, one 

towards the edge, one on the edge.  How did each of 
these kids move?   

• Does everybody move, or only some?  Who moves? 
How much?   

• Does each kid always move in the same direction?  
Does the kid choose a direction and stick with it?  Or 
does the kid change in the middle? 

• We’ve spoken with other kids about this question:  Are 
all the kids moving at the same speed?  Some kids 
thought they would move at the same speed, and some 
said different children would move at different speeds.  
They all gave very good explanation.  What do you 
think? 

• Every PE lesson, does Maggie moves to the same spot 
in gym when scattering? 

 

Connections  

Local changes 
• What happens if Jimmy doesn’t want to move?  What is 

Jimmy and Rachel both don’t move?  How many people 
can not-move and the class would still be scattered?  
Does this change if Jimmy and Rachel are closer or 
farther apart? 

• What would happen to the group if there were a couple 
of kids that wanted to stay together because they are 
friends? 

 

Global changes 
• What if you’re in a smaller room?  If there was a big 

puddle and nobody can stand there? 
• What if you were outside (no walls)?  You’re outside on 

a huge football field.  Will it take as long to spread?   Pat 
thinks that it will take longer to spread on a football field 
since it takes longer to move a greater distance.   Chris 
says that it will take less time since the you can move 
faster when there’s more open space. 

 
Changing the model (agent rule) 
• A new kid comes to school.  He says that in his former 

school, they spread out in a different way. What would 
happen if one kid or everybody did these things: 

 



 

  

65 

• People go to the nearest open space 
• People move around randomly until nobody’s near 
What do you think about this way of scattering?  Does it 
work? Do you think it would take them more time to 
scatter or less?  

 
• What if all the kids were blindfolded.  Can the teacher 

tell them exactly what to do in order to scatter?  (yes, no, 
explanations).   What if they whispered to each other – 
would they be able to scatter without the teacher 
explaining?  If yes, what would they be whispering to 
each other?  If no, why not? 

 
Special case 
• So is ‘scatter’ something you say to one person or to a 

group? If both—how can it be that you can use the same 
word for both?   How many people do we need so we 
can say to them ‘scatter!’?  

 
MOVE TO PHASE II –  

Begin w/ either High- or My view, depending on how the student is reasoning at this moment 
Elaborate on Phase I probes that the student found interesting 

Into the 
Modeling Kit 

Why don’t you find something in this box that would help you 
show me what happens after the teacher asks the students 
to scatter? 

Tone: insouciant, not 
pushing nor 
encouraging, but 
casually offering as an 
option 
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Additional guidance for students who are having difficulty in modeling the 
situation 

 
Can you draw for me how the Scatter looks? 
 
[ The idea is to let them construct their own drawings, and try and pull them to the 
process going from start to end 
By default, we will be beginning with the drawing. In the case that this feels 
uncomfortable, you can start out with the coins if it feels important to do so and ask the 
kids to scatter them.  Then we ask for a picture – and then we ask for the other picture 
(before-after, while it’s happening). ] 
 

- if they need it, help them through 
o humans are circles 
o What you draw should tell the story so others can understand you. 
o Maybe you can draw a picture of the start? 
o Now what does it look like at the end? 
o How does it get from start to end? 
o don’t prompt too much 
o don’t show initial picture or lines or anything until you're cornered 
o try to let them work out their own representations (of the process) 
o but push them to go as far as they can to the point of diminished returns 

 
 

- coins (if they really need something to play with) 
o kind of a last ditch, not necessary for all, probably helpful for most 
o graph coins? 
o Can you draw a picture of the coins? At the beginning? At the end? etc. 
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RUMOR—LEVELS & GRAPH 
No probes 
Only elaboration questions 
Make sure to keep the questions neutral 
 
I'd like to talk to you about rumors. Do you know what a rumor is? 
What is an example of a rumor?  

o GO WITH THEIR RUMOR (if it works). 
§ What works: 

• Starts with one person, spreads outward 
• Not racy, personal, or negative 
• Actually a rumor 

§ Alternate rumors: 
• Rumor: Maybe there's going to be a field trip next year to 

Disney World. ...  
• Rumor: People say that there’s going to be a quiz in Ms. 

Johnson’s class. ...  
• Rumor: People say that the actor Mel Function wears a 

wig… 
 
Elaborate description:  
What do you mean when you say…?   
Is there anything else you want to add?   
Can you describe for me some more the part where….?   
How does … happen?   
I don’t understand the part… - can you explain it to me in a different way?   
How would you explain this to someone who has never seen this happen?   
Three goals, to reach in conversation: 

• Beginning state (who knows in the beginning) 
• End state (who knows at the end) 
• How did it happen? 
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Appendix D 
 

Pre Interview (35 min + - 10 min) 
 

- Tell me about your career. How did you become a _____ (e.g., science) teacher? 
- What are your favorite topics to teach in a science classroom? 
- How would you describe your teaching style? 
- What is' science' for you?  [ direct towards content/process issues ]. 

- What is a 'model' in science?  In science education?  What kind of models do you use?  
Why do you use them? (demo, reason through, concretize abstract ideas) 

- Some teachers have told us they want students to do ‘inquiry’ – what does ‘inquiry’ mean 
to you? 

- Some teachers use the phrase ‘student-driven’ teaching style. Do you use this phrase? 
- Here’s a tough one: how do you think about mathematics? Is it a domain onto its own? 

How does it relate to the study of science? 

- What is your experience working with technology in education? 
- How does one prepare a lesson plan for this type of work we’re planning to do with you? 

[science lab] 

- How would you compare such a lesson to different lesson models 
o In terms of the learning it affords or any other benefits 
o Interactions between teacher and student, students and students 
o Difficulty in making it happen – for you, for students 

- Coming in to this implementation, do you have any concerns? 
o With the technology (running the lesson from the computer “helm”) 
o With the content (complexity, modeling) 
o With classroom management issues (get at comfort w/ messiness) 
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Appendix E 
 

Ben’s Graph 
 

 
 
 

 

On the blackboard: Ben’s rules 
Ben’s instructions to his classmates: “Stay away from the one that’s infected. And then, I guess, 
move near him. And once it gets to this point, start moving away again.” 
 
Ben’s explanation to Mr. Abrahamson: “Well, I’m going to tell them, once they find out who the 
infected person is, make sure they’re not on top of anyone. Stand still. Once they know the 
infected person, move away from him. And then, at a certain point, when the graph is at a certain 
point, you start moving towards that person.” 

 

 
In “Disease”: Classroom behavior 

Good job Ben. Good job everybody!!! 

One person 
is infected 
 

…and if you 
stay away 
from, like, that 
person doesn’t 
infect anyone 
 
 

…until this 
point, and then 
at that point it 
starts infecting 
people 
 
 

…and it goes up, 
 
 

and then those people 
stay away from those 
that are infected. 
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“Disease” interface of Ben’s graph 
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“Disease” Participatory Simulation: “My-Graph-Rules!” Activity  
Tamir’s Graph 
 

  
 
 

     
 

 
 

 

1. “Find someone and 
get on top of him 

2. Don’t move 
3. Once your group is 

infected, go to the 
next group.” 

“You’re not 
cooperating. Ok. 
Everyone get onto 
the blue square.” 

Everyone is on 
the same spot 

…Tamir “infects” 

everybody at once, 

and gets his graph! 
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The “Disease” Participatory Simulation: Student Ideas from February 6, 2004 
Dossia’s Graph 

 
 
 
 

 
 

 
 

 
 

At first, 
it’s just 
like one 
or two 
people 

… and 
then it’s 4 

…and then 
it, like, stays 
the same 

and then it gets 
higher—probably 
like 5 or 10— 

 …and then, like, it 
goes back to all of the 
people get infected. 
 

…and then it goes 
like… wait…how can it 
go down?… It can’t go 
down!… And then like, 
the “doctor” comes in, 
and then, like, a certain 
amount of people get 
healthy, 

“At the beginning, the person’s that infected… Don’t, like… -- Get away from 
the person! Like the person can be in the middle, and then one or two people 
come close to the person, and then, like, start going around and tagging the other 
people. And then the doctor comes in and he saves some people, and then at the 
end, like, every body just go to the corner and tag everybody.” 

Well done 

everyone.  

Hurray for 

Dossia!! 
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