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Abstract

Background. Poor public understanding of accumulation principles obstructs public 
engagement in environmental decision-making. Simulation-based learning 
environments (SBLEs) show promise for improving understanding.

Purpose. This study tested the hypothesis that use of stand-alone, self-contained, online 
SBLEs can improve user understanding of and ability to apply basic principles of 
accumulation.

Method. We used pretest/posttest measures to examine (a) whether user understanding 
of accumulations principles increased after exposure to a set of two SBLEs in an 
undergraduate Environmental Science course (n =126), and (b) how the extent of 
simulation use affected depth of user understanding.

Results. Understanding improved significantly after simulation use. Further, extent of 
simulation use affected performance although it is not a simple linear relationship. Those 
who ran the simulation a moderate amount of times (total of 14-24 runs) scored better 
than the low-range group (0-13 runs, p < .05) and better than the high-range users (25+ 
runs, p < .10). These results hold when controlled for prior systems understanding, 
graphing ability, motivation, and science background.

Conclusion. The results support the value of simulations for building operational 
understanding of accumulations and suggest design considerations that may further 
increase the effectiveness of such SBLEs.
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Many studies have shown that people’s understanding of the dynamics of accumula-
tions is poor, even in simple one-stock, two-flow systems (e.g., Booth Sweeney & 
Sterman, 2000; Cronin, Gonzalez, & Sterman, 2009). The inability to correctly relate 
the behavior of a stock with its flows has consequences for many issues, but particu-
larly for environmental issues such as climate change (Sterman, 2008, 2013). 
Environmental problems are largely about managing accumulations—trying to main-
tain or increase the level of something valuable, such as a freshwater resource, popula-
tion of a given species or fossil fuel supply, or decrease the level of something harmful, 
such as water pollution or carbon in the atmosphere. A stock is maintained at a given 
level when the inflows balance the outflows. The stock accumulates when the inflows 
are greater than the outflows and depletes when the outflows exceed the inflows. 
Cronin et al. (2009) find that when people do not understand these basic principles, 
they often use a correlation, or pattern-matching heuristic, to relate stocks and flows, 
which leads them to expect the level of the stock to behave as the inflow behaves. 
They expect that decreasing carbon emissions, the inflow to the atmospheric carbon 
stock, should therefore decrease the stock. If the inflow is still greater than the outflow, 
however, decreasing the inflow only slows the increase.

Along with the expectation that the accumulation behavior mimics the pattern of 
the inflow, people tend to focus on only one flow as the leverage to control the accu-
mulation, instead of recognizing that the inflow and outflow provide two options. In 
stakeholder discussions about resource management, participants repeatedly focus on 
solutions that increase resource inflows rather than those that decrease outflows 
(Stave, 2010). To reduce traffic congestion, for example, stakeholders want to build 
more roads; to address a looming gap between a city’s water supply and demand, they 
look for additional supply; to fix the problem of a city’s shrinking landfill space, they 
develop more disposal capacity. This inflow focus ignores the leverage made possible 
by decreasing demand—reducing vehicle miles traveled, water demand, or waste pro-
duction—even though that may be a cheaper, easier, or faster solution.

This study is part of a long-term effort to support public engagement in environ-
mental problem-solving. The goal is to improve stakeholder understanding of basic 
stock-and-flow dynamics as a first step to improving their ability to participate 
thoughtfully in environmental management discussions. Our audience includes the 
full spectrum of stakeholders from policy makers to members of the general public 
whose votes or individual behavioral changes are needed to implement policies.

The audience presents many constraints to facilitating accumulation learning. 
Stakeholders in environmental decision-making processes generally have different 
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educational backgrounds, limited time, and sometimes, different occupational and 
socioeconomic status (Dietz & Stern, 2008). In our experience, they generally do not 
see themselves as students and are unlikely to be receptive to traditional teaching 
methods in this context, especially formal teaching in accumulation dynamics. They 
are likely to approach environmental issues with a fairly fixed mental model of how 
the system works and where the best solution lies (Stave, 2010). However, we have 
found that these stakeholders respond well to system dynamics models as a focus in 
environmental problem-solving (Stave, 2010). The simulation models provide a visual 
focus or boundary object (Black & Andersen, 2012) for learning about the system and 
structuring stakeholder discussions.

Based on our observations that stakeholders need improved understanding of accu-
mulations, are difficult to reach with traditional teaching methods, and respond well to 
simulations for developing insight, we asked how simple simulation exercises based 
on stock-and-flow models might be used to build understanding of basic accumulation 
concepts. We envisioned these exercises could be used in various ways—as part of a 
group model building workshop to jumpstart a group’s description of a system’s struc-
ture; as part of an educational forum explaining the basis for a proposed policy; as an 
online exercise a curious community member might use to better understand an envi-
ronmental issue; as an exercise in any traditional teaching context, or in online educa-
tion, such as massive open online courses (MOOCs).

Our experience using simulations in stakeholder groups indicates model use does 
deepen systems understanding. To create a simulation appropriate for the applications 
discussed above, however, requires better knowledge of what learning is possible in 
the simplest, “worst case” context: one in which an individual does not interact with 
others, either fellow learners or a facilitator, and where the exercise is not presented or 
debriefed outside the simulation learning environment.

We had the opportunity to study the research question in the context of an under-
graduate environmental science course taken mostly by students in non-science majors 
to fulfill an educational distribution requirement. We created and revised several exer-
cises over five semesters to arrive at the set of two stand-alone, simulation-based 
learning environments (SBLEs) used here. Skaza and Stave (2010), Stave (2011), and 
Stave, Jurand, and Skaza (2011) describe the progressive development and pilot tests. 
The exercises were run as homework assignments that students accessed through the 
course website. They were not discussed in class, and all instructions and assignment 
guidance were contained within the learning environment. Our question for this study 
was whether this minimal exercise could improve user performance on an accumula-
tion task. We expected user understanding would increase with use of the SBLE and 
that the depth of learning would be related to the amount of effort the user made in the 
simulation. We used the total number of times a user ran the simulations as a measure 
of user effort. We found that user understanding did improve after the SBLE interven-
tion and that users who ran the simulations more performed better on the outcome 
accumulation task, although the relationship is not straightforward. In the sections 
below, we describe how our work builds on system dynamics and inquiry learning 
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principles, present the research design, methods, and findings, and discuss the details 
of the results, their generalizability, and design and research considerations for further 
study.

System Dynamics and Inquiry Learning Principles  
That Inform This Work

Three elements of the system dynamics paradigm underpin this study: the central 
importance of stock-and-flow thinking, a focus on helping people think operationally 
about systems rather than having experts communicate system “truths” to others, and 
the use of simulation models to allow users to experiment with system behavior. The 
central tenet of system dynamics is that a system’s structure governs its behavior; 
examining the core stock-and-flow structure of a system in a simulation model with 
the goal of making inferences about the behavior is what Richmond (1994) calls the 
“unique essence of system dynamics” (p. 141). Simulations are used to experiment 
with the effect of changing variables in the system on the behavior(s) of interest for 
policy analysis and, as Richmond (1993) notes, can help learners actively construct 
knowledge.

System dynamics simulations for learning are variously called microworlds, man-
agement flight simulators, and learning laboratories, among other terms (Romme, 
2004). Qudrat-Ullah (2010) uses interactive learning environment (ILE) as a general 
term to include the terms above, defined as a computer simulation-based environment 
for facilitating learning in a complex, dynamic environment, and SDILE, if it is based 
on a system dynamics model. In his definition, an ILE has three parts: a computer 
simulation model, an interactive interface for user input and simulation feedback, and 
a human facilitator responsible for briefing and debriefing.

We use the term SBLE also in the broad sense of the computer simulation model 
and its interface, plus the pre- and post-simulation supporting activities that guide 
learning. The SBLEs we describe here have two important differences from the terms 
above. First, the learning objective is more focused. In microworlds and ILEs, the 
learning objective is to help the user understand system complexity, including counter-
intuitive behavior, feedback, and delays. Instead, our object is to improve understand-
ing of a single concept. Second, we are testing the learning effectiveness of these 
SBLEs when no human facilitator is present. Briefing and debriefing activities are 
provided in the learning environment. While we believe the learning potential of a 
human-facilitated simulation-based exercise is likely greater, we were interested in 
examining the case where the entire learning experience is directed by the learner.

The learning sciences and inquiry, or discovery learning fields support simulation-
based learning environments. Research in the learning sciences shows that when 
learners actively construct their knowledge, they gain deeper understanding and more 
generalizable knowledge (Sawyer, 2006). Learning sciences research also provides 
design guidance for the structure of the SBLE, with best practices for scaffolding the 
learning experience (providing support to help the learner construct their own 
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knowledge), reinforcing learning by having learners externalize and articulate their 
developing understanding, prompting learner reflection, and building knowledge from 
the concrete to the abstract (Sawyer, 2006).

Simulation-based inquiry learning is a subset of what Kolb and Kolb (2009) 
describe as experiential learning: an iterative process of concrete experience, reflec-
tive observation, abstract conceptualization, and active experimentation. The simula-
tion provides concrete experience and explanatory elements in the learning environment 
scaffold the user’s experimentation and reflection. A complete package for inquiry 
learning includes an interactive platform for exploring domain concepts (Lindgren & 
Schwartz, 2009) together with an interface and supporting activities that guide or scaf-
fold learning by inquiry. The main discovery learning objectives are for users to learn 
to generate questions and explore a simulation to test their hypotheses iteratively 
through the process of scientific inquiry. The interface and supporting materials guide 
users to explore, experiment, and reflect on the experience (de Jong et al., 1998). 
Researchers in this field believe that by emphasizing experience over explanation, 
these kind of learning environments allow learners to accept a greater responsibility 
for their learning as they actively construct their own knowledge (Rieber, Tzeng, & 
Tribble, 2004; Swaak, de Jong, & van Joolingen, 2004). Experimenting with system 
variables and observing the effects facilitates a more active understanding about the 
system (de Jong et al., 2005; de Jong & van Joolingen, 1998; Mayer, 2004; Zhang, 
Chen, Sun, & Reid, 2004). Knowledge gained in this way is thought to be more elabo-
rate and robust, and thus, not only more useful, but also more transferable to other 
domains.

SBLE Description

We created two content-independent SBLEs based on these principles. The two exer-
cises follow a gradual-increase-in-complexity approach (Yasarcan, 2009) in which we 
minimize the cognitive load required in the first exercise, and then increase the com-
plexity in the second. The first is a concrete, but unfamiliar example; the second is 
concrete and familiar. We begin with an unfamiliar scenario to minimize the learner’s 
preconceptions about how the system works and how to manage it. The simulation 
models in the SBLEs are based on simple one-stock, two-flow system dynamics mod-
els developed in Vensim® (Ventana Systems, Inc., 2010) and run on the Forio Simulate 
platform (Forio Online Simulations™, 2010). The first SBLE, DRIFT SEEDS, pres-
ents a hypothetical stock-and-flow scenario in which a stock of drift seeds accumu-
lates on a generic island. Seeds wash ashore from the sea (inflow) and can also be 
washed back out to sea (outflow). Drift seeds are real. They are a category of seeds that 
fall into waterways and drift, sometimes for great distances, before being washed 
ashore. It is unlikely that potential simulation users will be familiar with this scenario. 
The second SBLE, CARBON, presents the same principles and tasks using a simpli-
fied version of a familiar scenario: carbon accumulation in the atmosphere. The two 
SBLEs were run separately to give learners time to assimilate lessons from the first 
one before running the second. Each of the SBLEs can be completed in less than 
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1 hour, although users are not limited in the time they can spend or the number of times 
they can run the simulation.

The primary learning objective of both SBLEs is to improve the user’s understand-
ing of simple relationships between the inflows, outflows, and accumulations, and the 
effect of changing rates on the direction and size of change in the accumulation. These 
basic principles of accumulation are as follows:

•• When the inflow is greater than the outflow, the accumulation increases.
•• When the inflow is less than the outflow, the accumulation decreases.
•• The speed at which the accumulation changes is related to the gap between the 

inflow and the outflow. When the gap is large, the accumulation changes rap-
idly; when the gap is small, the accumulation changes slowly.

Each SBLE presents a simple challenge to make the accumulation meet a specified 
goal by the end of the simulation time period by adjusting flow values in the simula-
tion. The learning environment provides guidance to encourage users to predict what 
might happen in a given scenario (form a hypothesis), test the outcome, and reflect on 
how the outcome compares to their prediction. Users run the simulation to test their 
hypothesis. They can revise their hypothesis (choose new values) based on the out-
come and test it again. Ideally, users repeat this process until they have tested several 
hypotheses and gathered enough information to interpret and analyze the data. This 
process allows students to develop and redevelop their own understanding about con-
cepts and ideas (Mayer, 2004; Zhang et al., 2004). The expectation is that users dis-
cover the principles of accumulations as they begin to notice the patterns that emerge, 
and thus develop a more intuitive understanding inductively.

In measurable form, our learning objectives for the set of SBLEs are as follows: At 
the end of the intervention, SBLE users will

•• demonstrate the ability to make inferences about (predict) the behavior of a 
stock they have not seen before based on a given pattern of its inflow and out-
flow by drawing the behavior of the stock given the behavior of the flows, and

•• demonstrate their understanding of the principles of accumulation in explaining 
their reasoning for drawing the behavior as they did.

These objectives address learning in the cognitive domain, in the first three levels 
of Bloom’s revised taxonomy of learning objectives: remembering basic knowledge, 
understanding, and applying (L. W. Anderson & Krathwohl, 2001). P. H. Anderson 
and Lawton (2009) note that most studies evaluating the effectiveness of simulations 
for learning measure user perceptions of learning rather than more objective measures, 
and focus on the two lower levels of Bloom’s taxonomy. As our overall aim is to 
improve a user’s operational understanding of accumulation principles, we used an 
outcome measure that tested their ability to apply the principles to a new and more 
complicated problem.
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The DRIFT SEEDS learning environment includes the following components: lim-
ited introductory and background information, the simulation, limited help tips, 
“Check Your Understanding” questions that give the user feedback about whether 
responses are correct, and two sets of graded questions with no feedback. Figure 1 
shows the simulation interface for the first of three scaffolded simulation levels. In the 
first level, the outflow is fixed and the user can only change the inflow. In the second, 
inflow is fixed; the user changes only the outflow. In the third level, both inflow and 
outflow can be changed. Figure 2 shows the introductory text. From this introduction 
page, a user can visit three optional links to further background information, including 
“How do stocks change?” which explains the principles of accumulation. Next, the 
menu page allows users to proceed to the simulation first or jump to a set of graded 
questions.

The second SBLE, CARBON, uses the same approach to examine the effect of 
changing carbon emissions and removal rates on carbon accumulation. CARBON has 
two simulation levels with different inflows. In the first level, a single inflow repre-
sents total carbon emissions. In the second level, the inflow has two parts—one repre-
sents large-scale emissions and one represents emissions from individual-scale 
activities. The task is the same in all cases: Users adjust inflow and/or outflow rates to 
achieve a sustainable level of carbon in the atmosphere. Figure 3 shows three selected 
screens for CARBON: the opening menu, the problem introduction found under 
“Overview,” and the first simulation interface found under “Exploration.”

Users are not required to read the background information, nor are they required to 
navigate through the exercise in a prescribed manner. The same description of the 
principles of accumulation is available in CARBON as in DRIFT SEEDS under a 
“Principles” button on the Overview screen. Exploration takes users directly to the 

Figure 1. DRIFT SEEDS simulation interface.
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simulation. Users can return to the simulation from the Graded Questions and can 
reach the “Principles” page from the simulation or the questions.

Research Design and Methods

The research design for this study was a one-group pretest-posttest design in which the 
intervention was the set of two SBLEs described above. Our research question was 
whether exposure to this set of SBLEs would improve learner performance on a task 
designed to measure understanding of accumulation dynamics. We posed the follow-
ing two hypotheses:

Hypothesis 1 (H1): Performance on the accumulation outcome task will be higher 
than performance on the baseline accumulation questions.
Hypothesis 2 (H2): Higher total run count will be positively correlated with higher 
performance on the outcome task.

We ran the study as part of a semester-long undergraduate Introduction to 
Environmental Science course at a large U.S. public university. The research subjects 
were the students in the class. The SBLEs accounted for two of three stand-alone 
assignments in the course and were accessed by students through the course website in 
Weeks 8 and 12 of the 15-week semester. Figure 4 shows the timeline of assignments 
and assessments during the term. DRIFT SEEDS is shown as “Assignment 2: Drift 
Seed Accumulations” and CARBON is shown as “Assignment 3: Atmospheric 
Carbon.” Pretest questions for this study were included in the baseline assessment, 
which students completed before the first content lecture of the course. The Final 

Figure 2. DRIFT SEEDS introduction page.
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Figure 3. Selected screens for the carbon simulation.
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Exam at the end of Week 15 included a task testing operational understanding of accu-
mulation principles.

The assignments were a normal part of the course, and grades were included as part 
of student’s course grade. During the course, we gave no lectures or instruction on 
accumulation concepts. The only direct interaction students had with accumulation 
principles was in these two self-guided assignments during the term. Each assignment 
was made available for 1 week and students could complete the assignment at any time 
during that week. Students were expected to work independently. Although we had no 
way to enforce this instruction, we have some confidence from the timestamps of the 
assignments that, on the whole, they did work independently. None of the assignments 
were discussed in the lecture. Instructions were given through the assignment, and live 
help was given only for technical difficulties such as problems logging on to the web-
site. No content help was given. Grades on the assignment were based on a set of 
questions at the end of the SBLE.

We had no control group. In this natural classroom setting, we did not have the 
opportunity to divide the subjects into groups with different treatments. All subjects 
were presented with the opportunity to use the same set of SBLEs. They were expected 
to complete the two assignments and were incentivized to do so by including the 
assignment grades in their overall course grade.

We considered the total number of times users ran the simulations, run count, to be 
a measure of user effort. Each run tests a hypothesis about the underlying principles of 
accumulation, whether the user consciously formulates the hypothesis or not. 
Simulation results provide feedback to the users about the validity of their hypothesis. 
Each run is an iteration of the scientific method, in which a user formulates a hypoth-
esis, tests it, and compares the simulation results with their hypothesis.

Figure 4. Timeline of assignments and assessments.
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We expected that some users would approach the simulation without much thought. 
They likely would begin by entering values randomly and run the simulation without 
reflecting on the relationship of the input values and the simulation output. However, 
we expected that after a number of tries, they should begin to see a pattern and become 
aware of the input-outcome relationship. We provide a number of prompts in the SBLE 
to help learners see the relationship: text description of the principles, a variety of 
starting values and targets, and “Check Your Understanding” and graded quiz ques-
tions that test their ability to apply the general principles.

Participant Characteristics

Of a total of 151 students in the class, 126 completed both the baseline and final 
assessments and were included in the analysis. Approximately 85% of the students 
were between 18 and 24 years old. Nearly half (46%) said they were taking the class 
only to fulfill a general education science requirement or because it was required by 
their major. Only 16% reported taking the class primarily because they were interested 
in the subject. Almost half (45%) were social science and humanities majors, 34% 
were hospitality and business majors, and 10% had not yet declared majors. Only 2% 
were environmental studies majors and 8% were science and engineering majors. 
Sixty percent of students had not taken any previous university-level science courses.

Measures

Pretest Measures

The baseline assessment measured environmental knowledge, interest, and attitudes 
and behaviors, plus ability to understand graphs and basic accumulation concepts. For 
full credit, students were required to mark an answer for all questions, but each ques-
tion included an option to answer “I don’t know.” Any question that was considered to 
be possibly embarrassing or uncomfortable included a “Prefer not to answer” choice. 
For this study, we used the following baseline information.

Baseline ability to work with graphs. Six multiple choice graphing questions measured 
two different graph skills: identifying specific points on a graph and identifying spe-
cific trend lines relative to other lines. Two of the graphing questions came from a 
modified version of Sterman’s department store task (Cronin et al., 2009). The number 
of correct answers on the graph questions was added to create an overall graphing 
index score, with a maximum possible value of six.

Baseline understanding of accumulations. Seven multiple choice questions measured 
systems understanding of accumulations: two questions on population change, three 
questions on carbon accumulations, and two accumulation questions in the same 
department store, or People in the Store (PINS) task (Cronin et al., 2009) modified to 
represent Pollutant in a Pond shown in Figure 5. The total number of correct responses 
was the baseline accumulations index score, with a maximum possible value of 7.
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For Figure 5, we asked the following questions:

On what day was the most pollutant added to the pond? (graphing index question)
On what day was the most pollutant removed from the pond? (graphing index question)
When was the most pollutant in the pond? (accumulations index question)
When was the least pollutant in the pond? (accumulations index question)

Treatment Measures: Extent of Simulation Use

The Forio platform allowed us to capture data about how students used the simulations. 
For this analysis, we tracked how many times they ran each simulation (run count).

Final exam: Operational understanding of accumulations. We asked the following two-
part question on the Final Exam (Water in the Pool; Figure 6). Students had not seen 
this pattern of flows in the course of the term or in the simulations, and they had not 
been asked to draw the level of any stock based on the flows. The pattern of flows is a 
simplified version of the modified department store (PINS) graph (Figure 5) and was 
developed as a way to compare performance on similar questions before and after 
simulation use without repeating the baseline question. We used a conservative rubric 
to assign a grade of up to 5 points to each part of the question (graph and text descrip-
tion) based on the level of understanding of accumulation principles demonstrated by 
each separately. The top grade for the drawing was given to responses that showed a 
straight line rising steadily until approximately where the flow lines cross, then 
descending more steeply and to a lower point than the beginning of the graph. Although 
the transition is rounded around the point where the lines cross as the gap between the 
flows decreases/increases, we accepted a variety of line shapes around the transition 
point. A top grade for the text response had to include a correct explanation for the 
entire time period. The total grade was the sum of the graph and the text scores, with 
a maximum possible value of 10.

Figure 5. Department store task graph modified to represent pollutant in a pond.
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Results

Pretest Performance: Baseline Data

Students performed relatively well on the baseline graphing questions, scoring an 
average of 4.09 points out of 6 total points. They performed poorly on the accumula-
tion questions, with a mean of 2.09 out of 7 possible points (see Table 1).

Student performance on the modified PINS (Pollution in the Pond) task that con-
tributed two of the graphing index questions and two of the accumulations index ques-
tions mirrored the pattern seen by other researchers (Table 2), but the fraction of 
students with the correct answers were even lower than for science, technology, engi-
neering, and math (STEM)–oriented students at other schools. More than 90% of 

Figure 6. Final exam Water in the Pool (WIP) question.
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Cronin et al.’s (2009) subjects read the graphs correctly and approximately 40% dem-
onstrated an operational understanding of accumulations. Only about 70% of our sub-
jects could read the graph correctly, and less than 10% demonstrated that they 
understood accumulations (5.6% identified the day with the most pollutant in the pond 
correctly, 8.7% correctly selected the day with the least pollutant in the pond) before 
the simulation assignments.

Posttest Performance: H1—Performance on the Accumulation  
Outcome Task Will Be Higher Than Performance on the Baseline 
Accumulation Questions

To test whether performance improved, we compared the accumulation baseline score 
with the score on the Water in the Pool accumulation task on the final exam. Scaling the 
7-point baseline accumulations index to 10 points (by multiplying each score by 
1.428571) allows a direct comparison of the pretest accumulation knowledge with the 
posttest knowledge. The overall average of the final WIP score of 6.40 (of 10) is 

Table 1. Baseline Graphing Ability and Accumulations Knowledge Measures.

Graphing index (maximum = 6) Accumulations index (maximum = 7)

M (SD) 4.09 (1.69) 2.09 (1.47)
Median 4 2

Table 2. Results From the Pollutant in the Pond Task.

Subject response
Most  
added

Most  
removed

Most  
pollutant  
in pond

Least  
pollutant 
in pond

 n % n % n % n %

Most added, t = 8 93 73.8 4 3.2 77 61.1 3 2.4
Most removed, t = 21 7 5.6 90 71.4 9 7.1 42 33.3
Most in pond, t = 13 1 0.8 0 0 7 5.6 9 7.1
Least in pond, t = 30 5 4.0 1 0.8 3 2.4 11 8.7
Maximum net outflow, t = 23 1 0.8 9 7.1 4 3.2 33 26.2
I don’t know 11 8.7 10 7.9 14 11.1 15 11.9
Can’t be determined 3 2.4 5 4.0 5 4.0 5 4.0
Other 5 4.0 6 4.8 7 5.6 7 5.6
Not answered 0 0 1 0.8 0 0 1 0.8
Total 126 100 126 100 126 100 126 100

Note. The columns indicate for each question the number and percentage of students choosing each 
possible response, with the responses given on each line. The left most column identifies the content of 
the responses. The correct responses for each question are indicated in bold type.
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significantly higher than the baseline average of the scaled systems score of 2.98 (of 10) 
(t = 13.168, p < .000), supporting our first hypothesis (H1). Furthermore, 28.6% of stu-
dents received a perfect score on both parts of the Water in the Pool (WIP) task, 31.7% 
scored 5/5 on the drawing question, and 34.9% scored 5/5 on the text explanation.

Posttest Performance: H2—Higher Total Run Count Will Be Positively 
Correlated With Higher Performance on the Outcome Task

The total number of times students ran the simulations ranged from 0 to 84 times. Four 
students (3.2%) did not attempt either of the assignments. Some students ran one sim-
ulation, but not the other (18.2% did DRIFT SEEDS, but not CARBON; 6.4% did 
CARBON, but not DRIFT SEEDS). Most students (72.2%) ran the simulations at least 
once for each SBLE, with a total run count varying from 4 to 84 times. We included all 
students who completed the baseline and final exams in the data set, regardless of 
whether or not they had attempted the SBLE assignments.

We expected to find a positive, linear relationship between the extent to which stu-
dents used the simulations (run count) and their performance on the final Water in the 
Pool score. However, the run count variable has a skewed distribution due to a series 
of atypically high-run counts. As the relationship between run count and score is non-
linear, we created multiple categorical transformations of the run count variable. The 
primary independent variable is now categorical and consists of three groups: Group 1 
includes students running the simulation 0 through 13 times (the 25th percentile), 
Group 2 contains those with a run count ranging from 14 through 24 (the median run 
count), and Group 3 is the remaining high-run group. The groups contained 33, 36, and 
57 students, respectively. Table 3 presents the mean Water in the Pool score for each 
of the three groupings. At the bivariate level, the mid-run group had a significantly 
higher average score (7.26) than the low-run group (5.80). The high-run group also 
had a lower mean score (6.19) than the middle group, but this difference was only 
significant at the .10 level (p = .08).

Table 4 shows regression results from the most valid grouping. These regressions 
are no longer testing for a directly linear effect, but are making group comparisons 
(e.g., Does one group on average perform better than another?) by discretizing the run 
count variable.

Table 3. Mean Score on Final Water in the Pool Task by Run Count Grouping.

Run count group

 0-13 14-24 >25

M score 5.80 7.26†,* 6.19
n 33 36 57

†p < .10—Differences refer to those between the group of interest and high-run group. *p < .05—
Differences refer to those between the group of interest and low-run group.
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The first model in Table 4 includes only the mid- and high-run groups with the low-
run group as the reference category. The second model incorporates two additional key 
independent variables, the graphing and accumulations baseline index scores, and two 
theoretically relevant control variables: whether the student had previous science 
courses (1 = yes) and an indicator of the student’s interest in the course (1 = taking 
course for interest; 0 = taking course only to fulfill requirement).

Findings from Model 1 indicate that students in the mid-run group are predicted to 
score, on average, 1.46 points higher than their peers in the low-run group. No other 
group comparisons revealed significant coefficients. The relationship between the 
mid-run group and improved score remains when the additional independent variables 
are incorporated into the model. Net of confounds, students running 14 to 24 simula-
tions are expected to score, on average, 1.3 points higher on the final questions than 
their peers running 1 to 14 simulations. Additional models with various categoriza-
tions of the primary independent variable revealed that a “middle-run” group consis-
tently performed better than the low-run group, but as the mid-run group size increased 
the coefficient decreased until eventually significance faded. Neither logged nor qua-
dratic transformations of the run count variable resulted in significant coefficients. 
Interestingly, the graphing index baseline score was not significantly associated with 
the final score. As could be expected, the accumulations index score is also a signifi-
cant predictor of final score (the two baseline scores, accumulations and graphing, are 
moderately correlated, r = .48, but the correlation was not strong enough to result in 
multi-collinearity within our regression model). Students with a preexisting under-
standing of accumulations are thus predicted to score higher on the Water in the Pool 
question than their peers who began the course lacking such understanding. Still, the 
regression models reveal that the effects of simulation usage, regardless of preexisting 
accumulation knowledge, are significant for those who run the simulations a “normal” 
amount.

Table 4. Ordinary Least Squares Regression Analyses Predicting Water in the Pool Score.

Model 1 Model 2

Run count
 14-24 1.461* (.706) 1.304* (.664)
 >25 0.390 (.640) 0.991 (.620)
Baseline scores
 Accumulations index 0.702** (.206)
 Graphing index 0.204 (.167)
 Interested in course −0.569 (.523)
 Had previous science −0.266 (.526)
 Intercept 5.803** (.809) 3.696** (.855)
 n 126 126

Note. Standard errors are given in parentheses.
*p < .05. **p < .001.
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Discussion

Interpretation of Results With Respect to Hypotheses

The first finding of this study supports the hypothesis that the type of simulation-based 
learning environments described in this article can build user understanding of accu-
mulations. Subjects clearly improved their ability to both predict accumulation behav-
ior given information about inflow and outflows and explain the principles underlying 
their prediction. Performance on the set of questions testing baseline understanding 
(accumulations index) was uniformly poor, and particularly poor on the two questions 
in the Pollution in the Pond task. Only 5.6% of respondents correctly identified the day 
when the most pollutant was in the pond; only 8.7% correctly identified the day the 
least pollutant was in the pond. On the final exam form of the question, 31.7% of 
respondents were able to draw a graph of the accumulation correctly (infer accumula-
tion behavior from flows) and 34.9% of respondents correctly explained the accumu-
lation principles. This is not a perfect measure of change in knowledge because the 
pre- and posttest questions are not exactly the same.

However, it could be argued the posttest measure—requiring the respondent to both 
draw the behavior of the stock from the flows and explain the principles in their own 
words—is a stronger test of whether they understand the principles and can apply 
them than the multiple choice questions on the baseline. Drawing and explaining 
require the respondent to remember the rules governing the relationship between flows 
and stocks, apply them to the situation presented, synthesize the information, and pres-
ent it in text and graphical form. Since the only exposure students had to accumulation 
principles was through the two SBLEs, we attribute the increase to the use of the simu-
lations. Without a control group, however, we cannot be certain that they did not learn 
these concepts from other material in this class, or outside the class, although it seems 
unlikely.

The second finding of the study sheds more light on how students may be learning 
from the SBLEs. Although the extent of the simulation use does not have a linear rela-
tionship with the final accumulations grade, a strong categorical relationship exists. 
The data indicate both a threshold and saturation level in the relationship between 
simulation use and learning. It appears that running the simulations only becomes 
effective for most people after a certain number of runs. One explanation is that it may 
take a few runs for most users to learn the mechanics of the simulation before they 
begin to observe and make sense of patterns, and that the added value of additional 
runs decreases after a certain level. The upper threshold does not lead to a steep drop 
in scores, because students who ran the simulations more than 25 times still learned 
more than the low-run group.

A great deal of variation also exists within all categories, with some students in both 
the high- and low-range categories achieving high final scores. For example, the four 
students who did not attempt either of the two assignments (run count = 0) scored 10, 
10, 10, and 9 out of 10 on the outcome measure. This variation suggests that further 
research is needed about the details of how students learn from the simulations, how 

 by DAVID CROOKALL on November 9, 2015sag.sagepub.comDownloaded from 

http://sag.sagepub.com/


Stave et al. 287

user characteristics might influence their SBLE use and learning, and how other fea-
tures within the SBLE might have contributed to learning. Both SBLEs contain over-
view text about the problem scenario as well as a text explanation of the principles of 
accumulation. It may be that some users gained more from reading the text than run-
ning the simulation. Future tests of these SBLEs will examine how learners use the full 
range of learning tools provided.

Characteristics That May Affect Generalizability of the Findings

The self-directed nature of the SBLEs colors the interpretation of the results. Although 
users were guided through the exercises in a general manner, they made choices about 
the way they navigated through the exercises, how many times they ran the simula-
tions, and what values they tried. They chose how many runs to make and when to stop 
running the simulation. The difference in outcomes based on different choices sug-
gests that further work should examine how users make their decisions in the SBLE, 
what motivates them to continue running simulations or stop, and whether other char-
acteristics of the learners are present in each category. Some low-range users may not 
have run the simulations because they found them too simple or already knew the 
material. Some high-range users may not have understood the content, the simulation 
interface or problem task. Students who are just not learning from the simulation may 
tend to run it more times out of confusion. Mid-range users may be more receptive to 
learning or more motivated to make an effort in class assignments than low- and high-
range users, although our current data were not sufficient for testing this possibility. 
The only measure of motivation we had was their self-reported reason for taking the 
course (shown in Table 4 as “Interested in Course”). We assumed they would be more 
motivated to make an effort to learn with the simulation if they were interested in the 
course, but interested in course is only weakly correlated with total run count (r = .23), 
and had no significant association with the outcome measure in the multivariate 
regression model.

The simulations are run without any human facilitator, and the debriefing is limited 
to questions and prompts contained within the computer learning environment. On one 
hand, we could consider this to be a conservative test of the SBLE. We would expect 
live facilitation to lead to further improvement in outcome. On the other hand, the fact 
that most of these subjects were young means their computer literacy level was likely 
higher than a broader representation of the general public, although their analytic skills 
may not be well developed. They are poorly motivated with respect to the course con-
tent (46% were only taking the class because it is required), and they have little or no 
STEM training. The conservative test indicates a high potential for broader use of the 
SBLEs with other populations online or in stakeholder workshops; the caveats indicate 
that the design of the simulation should account for differences in motivation of users. 
Self-selection might increase receptivity to learning from the SBLE, but the ungraded 
context may decrease effort if the task seems too difficult. Based on author interaction 
with some students in this study, it was clear that the motivation for at least some of 
our subjects was to “get a grade.” We did not examine whether their desire to succeed 
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in the class influenced their learning in the class context, but it is unlikely these sub-
jects would be motivated to use the SBLE on their own in another context. All these 
considerations suggest that understanding the motivations, cognitive abilities, and 
learning strategies of intended learners is critical in designing effective SBLEs and 
should be part of future study.

Scaffolding and Debriefing

Crookall (2010) describes debriefing as the occasion and activities for processing the 
game experience and turning it into learning. He reminds us “learning comes from the 
debriefing, not from the game” (Crookall, 2010, p. 907). Our SBLEs are designed to 
facilitate inquiry learning (van Joolingen, de Jong, & Dimitrakopoulou, 2007) by 
guiding participants to experience a situation, encouraging them to observe what is 
happening, facilitating their reflection on what they observed, and challenging them to 
form a new hypothesis or mental model of why they observed what they did, test their 
hypothesis, and strengthen their new understanding of the principles underlying the 
scenario. The SBLE uses the computer environment to simplify the problem, focus 
participants on relevant aspects of the domain, and give them a platform for experi-
mentation. The gradual-increase-in-complexity approach and other explanatory ele-
ments help learners manage the learning process. To compensate for the lack of live 
facilitation, we built reflective opportunities into the SBLE. As van Joolingen et al. 
(2007) note, inquiry learning requires support, or scaffolding, both to stimulate inquiry 
and to constrain it so divergent paths do not distract from learning. In our SBLEs, the 
mental challenges posed by the simulation tasks and quiz questions, and anomalous 
results in the simulation, are designed to stimulate participants to become aware of and 
start to change their tacit mental models.

The SBLEs include the following types of support to help users reflect on their 
experience: expository information explaining context and basic principles, challeng-
ing questions in multiple formats for which they receive feedback about whether their 
answers are correct or not (Figure 7), questions for which users do not receive feed-
back about their responses, but which allow them to return to the simulation, a final 
reflective question asking them to explain what they learned from the exercise. The 
“Check Your Understanding” questions constitute a form of “intermediate debriefing” 
(Peters & Vissers, 2004). Fifteen multiple choice and short answer questions follow 
the DRIFT SEEDS simulation, posing various scenarios and asking the user to predict 
the stock behavior from the flows given, or describe the flow relationship given the 
stock behavior. Users can go back to the simulation to test their responses before they 
submit their answers. The last question asks them to reflect on what they have learned:

In your own words, explain what you now know about the principles of accumulation. 
That is, describe how the relationship between the rates of addition and removal affect the 
way a stock changes over time.

Similarly, nine questions follow the CARBON simulation. The last question is also a 
reflection question:

 by DAVID CROOKALL on November 9, 2015sag.sagepub.comDownloaded from 

http://sag.sagepub.com/


Stave et al. 289

Describe the overall message you took from this assignment. Be as specific as possible 
about what you learned and about any connections you might have made between the 
assignment and other material in the course (lectures, readings, other assignments, etc.).

The learning sciences literature describes this kind of externalization and articulation 
as a critical part of learning, arguing that learning and articulation form a reinforcing 
feedback loop (Sawyer, 2006). When learners begin to learn something, then try to 
articulate their still unformed understanding, their learning deepens. Further articula-
tion leads to further learning.

Although we included these elements in the SBLE to prompt users to reflect on their 
learning, we did not test their effect specifically. One way to examine this for the reflec-
tive elements within the SBLE would be to explore the reasons why learners decide 
when to stop running the simulation. If they are reflecting on their learning, we would 
expect that they stop when they feel they have learned what they were supposed to learn.

Choosing the optional “check answers” button shows which responses are correct 
and which are incorrect. Users then have the option to choose go back to the simula-
tion, simply choose new answers, or move on.

Conclusion

Online, stand-alone simulation-based learning environments have potential for help-
ing build a broad understanding of accumulations. This study shows users can learn 

Figure 7. Content of “Check Your Understanding” questions in DRIFT SEEDS.
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even when no live facilitation is available, debriefing is minimal, and the time com-
mitment is low. Students completed DRIFT SEEDS in approximately 1 hour, and 
CARBON in 1 to 2 hours. These proof-of-concept results support continued research 
into how to further maximize learning effectiveness, particularly in how to engage 
users, encourage them to observe behavior, challenge them to confront their erroneous 
(or nonexistent) mental models about accumulations, facilitate their reflection on what 
they observe, and help them form and articulate new mental models. While explicitly 
structured reflection is important, it is also crucial to find the right balance between 
structure and discovery.
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