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Abstract

Stock and flow (SF) problems are ubiquitous in nature, ranging from filling water into a
tub to the accumulation of atmospheric CO,. Research on the “SF failure” suggested,
however, that people have severe difficulties understanding basic SF problems. We
present the results of an experiment (N = 277) were participants solved a range of SF
problems with varying task formats and semantic embeddings. Results indicate that (a)
SF failure can at least partially be attributed to specifics of the task format used
previously; (b) significant reductions in error rates can be achieved by only slight
changes in the task format; and (c) a fundamental misunderstanding in the construction
of graphs can explain a typical mistake in these tasks. The majority of participants
arrived at the correct solution when SF problems were presented verbally. Implications
for risk communication are discussed.

Keywords: Stock and flow problems; stock and flow failure; task format; climate

change
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Stock-flow failure can be explained by the task format

It is a well-established finding that humans have severe difficulties
understanding stock-flow (SF) dynamics (see Sterman, 2011 for a recent review). Such
dynamics typically comprise a stock, which accumulates over time and is dependent on
a given in- and outflow progression. SF dynamics are pervasive in many areas of life,
ranging from everyday phenomena such as the accumulation of money on a bank
account or the regulation of body weight, to more abstract scenarios such as the supply
line of a factory or the accumulation of CO, in the atmosphere. Even though most of
these problems can contain multiple in- and outflows, the underlying principle is always
simple and is often explained with the bathtub analogy, according to which the water
level (stock) in a bathtub increases if the inflow of water through the faucet exceeds the
outflow through the drain, and contrariwise drops if the outflow exceeds the inflow.
Given the simplicity and ubiquity of SF dynamics, previous findings showing that
graduate students at MIT had severe problems to solve even simple SF tasks, seem
perplexing (Booth Sweeney & Sterman, 2000; Cronin & Gonzalez, 2007; Sterman &
Booth Sweeney, 2002, 2007). It was concluded that humans lack understanding of SF
dynamics, a phenomenon termed SF failure (Booth Sweeney & Sterman, 2000).

In this paper, we argue, however, that SF failure can at least partly be attributed
to specifics of the task formats used in previous research. The experiment depicted here
aimed at delineating difficulties caused by the task format (method of information
display and required answer format) from the presumably inherent difficulties people

have with understanding SF dynamics.

Research on SF problems

In the original paradigm investigating participants’ understanding of SF
dynamics (Sterman & Booth Sweeney, 2002, 2007), participants were typically
presented with an introduction on the relationship between CO, emissions, absorptions
(CO; taken up by biomass and oceans), and atmospheric CO, concentration. They were
then presented with a graph depicting atmospheric CO; concentration (stock) stabilizing
from the year 2100 onwards and with a graph depicting previous CO, emissions and

absorptions. Participants were asked to sketch emission and absorption trajectories in
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such a way that a stabilizing CO, concentration could be achieved. A repeated finding
was that participants made use of a pattern matching heuristic, sketching in- and
outflows that followed the trajectory of the stock, i.e., a continuous increase followed by
stabilization. That way, drawn emissions typically exceeded absorptions leading to an
actual increase of atmospheric CO, (Sterman & Booth Sweeney, 2002, 2007). In this
original paradigm, SF failure was also demonstrated for multiple choice answer formats
(e.g., CO; emissions resulting from human activity would have to: Gradually rise about
8% and then stabilize by the year 2100), different outcome scenarios (atmospheric CO,
concentration stabilizing, CO, emissions dropping to zero, CO, emissions stabilizing),
and different semantic embeddings including more familiar contexts than atmospheric
CO; concentration (Booth Sweeney & Sterman, 2000; Cronin & Gonzalez, 2007,
Sterman & Booth Sweeney, 2002, 2007).

Comprehension of Task Formats vs. Comprehension of SF Dynamics

In order to convincingly establish the validity of the SF failure, SF tasks need to
assess construct-relevant misunderstanding of SF problems, rather than construct-
irrelevant problems with the specific task format. Previous studies demonstrated the
importance of this dissociation by showing that displaying isomorphic tasks in different
formats can have a dramatic impact on problem-solving performance, such as on the
Wason selection task (Cheng & Holyoak, 1985), the Tower of Hanoi (Kotovsky, Hayes
& Simon, 1985), deductive reasoning (O’Brien et al., 1990), distributed cognitive tasks
(Zhang & Norman, 1994), mathematical problems (Bassok, 2001; Landy & Goldstone,
2007), line graph description (Xi, 2010), and inference from complex graphical displays
(Hegarty, Canhan & Fabrikant, 2010; Novick & Catley, 2007).

However, task formats in the original paradigm, in spite of variation, had one
thing in common: a rather scientific notation. This notation included coordinate systems
and graphs in both the information display and answer format and percentage values in
the multiple choice answers. It was shown that comprehension of coordinate systems
and graphs can be error-prone (Carpenter & Shah, 1998; Gattis & Holyoak, 1995; Shah
& Carpenter, 1995) and that participants have difficulties dealing with percentage
values (Gigerenzer & Hoffrage, 1995; Hoffrage & Gigerenzer 1998; Hoffrage, Lindsey,
Hertwig, & Gigerenzer, 2000). Consequently, we argue that the original paradigm might
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have concealed participants’ true understanding of SF dynamics, thus potentially
causing construct-irrelevant variance.

Cronin and Gonzalez (2007) investigated the generalizability of SF failure in a
series of experiments, varying the task context or the way in- and outflows were
presented. However, in all tasks coordinate systems and graphs were used. Thus,
potential problems with this aspect of the task format could not be eliminated. In a later
experiment, Cronin, Gonzales and Sterman (2009) specifically investigated whether SF
failure is a mere artifact of using coordinate systems by presenting participants with
alternative display formats (line graphs, bar charts, texts, and tables; see Figure 1 for the
textual display). The SF problem used, the so-called department store task, describes the
number of people entering and leaving a department store over a period of time.
Participants needed to determine at what time the most or fewest people were inside the

store.

In a department store, people enter and leave over a 30-miunte period. In the first
minute, 9 people enter and 8 leave. In the second minute, 10 people enter and 5 leave.
In the third minute, 9 people enter and 8 leave. In the fourth minute, 14 people enter
and 12 leave. In the fifth minute, 9 people enter and 8 leave. In the sixth minute, 9
people enter and 8 leave. In the seventh minute, 8 people enter and 8 leave. In the
eighth minute, 7 people enter and 9 leave. In the ninth minute, 4 people enter and 13
leave. In the tenth minute, 7 people enter and 11 leave. In the eleventh minute, 10
people enter and 15 leave. In the twelfth minute, 8 people enter and 12 leave.

1. During which minute did most people enter the store?

2. During which minute did most people leave the store?

3. During which minute were the most people in the store?

4. During which minute were the fewest people in the store?

Figure 1. Textual display of the original paradigm (adopted from Cronin, Gonzalez &
Sterman, 2009, p. 118).

To control for participants’ comprehension of the information display,

participants were asked at what time most people entered or left the department store.




Stock-flow failure can be explained by task format 6

Across all display formats, the majority of participants was able to answer these control
questions correctly, but only the minority of the sample was able to draw correct
inferences about the corresponding stock. The authors concluded that SF failure does
not result from participants’ inability to understand graphs, but rather from a
fundamental error in human reasoning, i.e., SF failure.

However, this conclusion might be premature, for three reasons. First,
difficulties with coordinate systems were not convincingly ruled out because for all
display types, the control questions could be answered correctly by using simple
salience heuristics picking the highest or lowest number displayed. Thus, no deep
understanding of coordinate systems was necessary to answer the control question, but a
deeper understanding of coordinate systems is arguably necessary to answer the SF
tasks in the original paradigm. Second, the control questions only tested interpretation
of graphs and not construction thereof, which was a prerequisite for solving tasks
correctly in the original paradigm. Construction of graphs has been subject to little
cognitive research, so that participants’ ability to submit their answers by constructing
graphs cannot necessarily be assumed. And third, in all data displays—even the
textual—numerical information was salient (numbers of people entering and leaving).
We argue that this salience of numerical information encourages participants to focus on
and work with the given numbers, for example by performing simple calculations,
rather than making an effort to detect the underlying SF structure. That is, the salience
of quantitative information may encourage a focus on this specific information (local
search) instead of an understanding of the deep structure (global search) (Guthrie,
Weber & Kimmerly, 1993; Wainer, 1992). Of course, all SF tasks used previously did
not have to be solved via calculating. However, due to the salience of numerical
information, it may not have been clear to the participant that SF tasks can be solved
with help of the problem structure beneath the numerical information. Therefore, we
argue that in order to establish whether participants truly lack understanding of the SF
structure, a more qualitative task format is needed.

Furthermore, the use of a pattern matching heuristic might have been
encouraged by the original task format where the to-be-completed emissions followed
the same trajectory as the resulting stock, i.e., a constant increase. In an experiment

testing the generalizability of the pattern matching heuristic (Cronin, Gonzalez &
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Sterman, 2009), participants were presented with graphs depicting various in- and
outflow trajectories and needed to sketch the resulting stock. Even though in this task
design no pattern was implied between inflows and the stock, participants adopted a
pattern matching heuristic. We therefore want to find out whether the use of the pattern
matching heuristic can be reduced when participants are presented with a strong hint
against matching patterns: a mismatching pattern between inflow and stock. Presenting
participants with the possibility that the stock increases even though the inflow
decreases, for example, might enable participants to overcome the otherwise strong
pattern matching heuristic and thus achieve higher solution rates.

To sum up, the present experiment investigated whether SF failure is a
fundamental error in human reasoning and whether the pattern matching heuristic truly
is a generic strategy. We argue that participants are capable of understanding SF
structures and that SF failure can be attributed to the task format used previously,
specifically to the use of coordinate systems and the salience of specific numerical
information. The experiment thus tests whether participants answer SF tasks correctly
when a purely verbal task format is used that encourages participants not to focus on
and work with specific quantitative data, but to “get the qualitative gist” of the structural

relationships depicted in the data (Shah & Hoeffner, 2002, p. 53).

Overview of the experiment

To test the validity of the SF failure, the study investigated whether different SF
tasks measure construct-relevant aspects of the task (understanding of SF structure) vs.
construct-irrelevant aspects of the task (understanding of the task format). To do so,
three different types of SF tasks were constructed.

(1) Standard Tasks. Graphical and textual task formats used previously (Booth
Sweeney & Sterman, 2000; Cronin & Gonzalez, 2007; Cronin, Gonzalez & Sterman,
2009; Sterman & Booth Sweeney, 2007) were administered with and without slight
modifications. Modifications concerned whether additional numerical data was
provided (initial stock or the exact outflow trajectory) and whether pattern matching
was suggested in the task display (matching patterns of displayed inflow and stock
trajectories). These modifications left the problem structure unaffected allowing us to

test (a) whether the original paradigm encourages participants to focus on quantitative
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surface features of the problem instead of trying to detect the problem structure. If this
is the case, solution rates should vary as a function of the numerical information
provided even though the problem structure remains constant. Furthermore, these
modifications allowed us to test (b), whether participants use the pattern matching
heuristic even when it is not suggested by the task format.

(2) Interpretation and Production Tasks (I/P tasks). I/P tasks examined the
distinction between being able to interpret graphs versus being able to actively produce
graphs and between submitting answers verbally versus graphically. These distinctions
were introduced to shed some light on the little studied construction of graphs and
potentially typical errors, and to investigate whether participants’ potential
understanding of SF dynamics is concealed in the original paradigm. If participants are
able to answer SF questions correctly when submitting their answers verbally, but then
make errors constructing the corresponding line graph, the original paradigm could not
be seen as a fair test of participants’ ability to understand SF problems.

(3) Verbal Tasks. Verbal tasks did not include coordinate systems or graphs, and
little or no numerical information. Hence, verbal tasks tested whether SF failure could
be reduced or even eliminated when an understanding of coordinate systems is not
required, and when participants are encouraged to detect the qualitative gist of the

problem structure.

We hypothesize the following:

(H1) Original task formats encourage participants to focus on numerical surface
information instead of the underlying problem structure. Consequently, solution rates
will vary as a function of the provision of additional numerical information. This
applies even though the numerical information does not affect the problem structure.
(H2) The pattern matching heuristic is used more frequently in scenarios where
pattern matching is suggested compared to scenarios where pattern matching is not
suggested.

(H3) Even participants who correctly solve a given SF problem verbally may not be
able to construct the according line graph into a coordinate system.

(H4) SF failure will be significantly reduced in a verbal task format without

coordinate systems and with little or no quantitative information.
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Method
Participants. A total of N = 277 participants (73% females) between 18 and 75 years of
age took part in the experiment. Mean age was 34.33 (SD = 17.61). All participants
gave written informed consent. The sample consisted of students from the University of
Heidelberg and people from the general population recruited for a larger project.
Participants received course credit or financial rewards (5 — 10 €, depending on

decisions made in other parts of the study) for participation.

Materials. (1) Standard tasks: Standard tasks were adopted from previous research and
were administered both as a graphical display (e.g., Sterman & Booth Sweeney, 2007)
and as a textual display (Cronin, Gonzales & Sterman, 2009).

In the graphical display, three variations were developed that we will illustrate

with the example of one scenario, the department store task (Fig.2):

The following Figure depicts how many customers are inside a department store over
the course of 10 minutes:

Number Customers
40 45 50 55 60

35

30

\ 4

The following Figure depicts the amount of people entering and leaving the above
department store. Please draw both how many people must enter and how many
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people must leave the department store from minute 5 to 10 in order to achieve the

above stock (several solutions are possible, please draw only one).
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Figure 2. Example of the standard task (translated): department store scenario
(translated). First, participants are presented with the development of a stock, then,

participants are presented with the to-be completed in- and outflow.

The first variation refers to whether the initial stock (IS) is given with the problem
display, or not (IS vs. ~IS condition). Figure 3 depicts the ~IS condition. In the IS
condition, participants received the additional information (see italics): “The following
figure depicts how many customers are inside a department store over the course of 10
minutes. At the beginning, 32 customers are inside the store”. The second variation
concerns the presentation of in- and outflow. While in the original paradigm initial
inflow was depicted using a graph (line) and outflow was depicted using a single dot,
we created an additional condition in which both the in— and outflow were presented as
lines (2L vs. ~2L condition) delivering more numeric information about the exact
outflow trajectory. Figure 3 depicts the 2L condition. In the ~2L condition, outflow was
depicted using a single dot. IS and 2L conditions were fully crossed, resulting in four
different tasks: ~IS, ~2L; ~IS, 2L; IS, ~2L; IS, 2L. Note that the ~IS, ~2L task is
equivalent to the original task used in previous research and served as the baseline
condition (Sterman & Booth Sweeney, 2002, 2007). These tasks comprised different

scenarios: members of a club (~IS, ~2L), customers in a department store (IS, ~2L),
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guests on a party (~IS, 2L), and nuts collected by a squirrel (IS, 2L), that varied not only
in terms of the semantic embedding, but also in terms of the numbers used on the x- and
y-axis in order to minimize carry-over effects (see Appendix I for a all scenarios used in
the standard tasks).

The third variation concerns the suggestion of pattern matching in the
information display (PM vs. ~PM condition). In the PM condition, the inflow followed
the same trajectory as the to-be completed stock, in the ~PM condition, the inflow
followed a different trajectory as the to-be completed stock. Specifically, in the ~PM
condition, the inflow followed a decreasing trajectory, while the stock followed an
increasing trajectory; in the PM condition, both inflow and stock followed an increasing
trajectory. (Note that neither 2L nor IS was varied over the two PM conditions, i.e., PM
tasks can be understood as PM,~IS, ~2L and ~PM,~IS, ~2L.)

The textual display of the standard task was again adopted from previous work
(department store task: Cronin, Gonzales & Sterman, 2009). Two variations of the
original paradigm were realized: IS and ~IS. The ~IS condition was exactly the same as
in the original task (Figure 2). In the IS condition, participants received the additional
information (see italics): “The following text describes the amount of people entering
and leaving a department store. At the beginning, 32 people are inside the department
store.”

(2) I/P Tasks: I/P tasks were again adopted from the original paradigm (e.g.,
Sterman & Booth Sweeney, 2007) and were administered in two scenarios (atmospheric
CO; concentration, number of children on a playground). We will illustrate the tasks
using the CO; scenario (Fig. 3). As in the original paradigm, participants first received a
short introduction to the problem describing the relationship between CO, emissions,
absorptions and atmospheric CO, concentration. Participants were then presented with a
coordinate system depicting in- and outflows and four sub-tasks exploring fundamental
understanding of the graphs (question 1), an estimate of the resulting stock (question 2),
verbal production of necessary inflows and outflows given a decreasing stock (question
3), and the graphical production of the answer to question 3 into a coordinate system
(question 4). Note that answers to question 3 (verbal production of in- and outflows)
were deliberately simple in order to test whether participants necessarily produce a

correct graphical answer given they are able to produce a correct verbal answer. The
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structure of the playground scenario was the same, except for one difference: In
question 3, participants were asked to name the necessary inflows and outflows in order

to achieve a stabilizing stock (see Appendix II for the playground scenario).

CO; emissions are caused by the burning of fossil fuels and lead to an increase
of atmospheric CO, concentration. CO, absorptions are caused by woods and oceans
and decrease atmospheric CO, concentration. The Figure below depicts CO, emission
and CO, absorption trajectories between 2010 and 2050.
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1. How does CO, emission relate to CO, absorption between 2010 and 2050 in the
Figure above?

| CO; emission is greater than CO, absorption.
| CO; emission is smaller than CO, absorption.
| CO; emission and CO; absorption are equivalent.

2. If CO, emission and CO, absorption relate to each other as depicted in the Figure
above: What happens to atmospheric CO, concentration?

O CO, concentration will rise.

O CO, concentration will fall.

O CO, concentration will remain constant.

3. Assuming that the atmospheric CO, concentration will fall: What would the

corresponding CO, emission and absorption trajectories have to look like?

| CO; emission would have to be greater than CO, absorption.
O CO, emission would have to be smaller than CO, absorption.
| CO; emission would have to be equal to CO, absorption.

4. Please sketch your answer to question 3. into the figure below. Draw one line for
CO; emission and another line for CO, absorption trajectories and label them.
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Figure 3. Example of the I/P task: atmospheric CO; scenario (translated). Participants
are presented with emissions and absorptions trajectories (above). The following sub-
tasks test participants’ interpretation of graphs (question 1), verbal inferences about the
resulting stock (question 2), verbal inferences about emissions and absorptions given a
decreasing stock (question 3), and graphical production of the answer to question 3 into

the coordinate system (below).

(3)Verbal Tasks: Three SF tasks using three different scenarios (money inside a
piggy bank, water inside a bathtub, atmospheric CO, concentration) were administered
verbally and as a multiple-choice test in order to minimize problems with the task
format. In each task, participants first received a short introduction to the problem
describing the respective in- an outflows. In the bathtub (piggy bank) task, participants
were asked to name the correct strategy in order to achieve a stabilizing (rising) stock,
in the CO; task, participants needed to determine how the stock reacts if emissions were
reduced by a certain amount. We will illustrate the tasks using the bathtub scenario.
Participants were shown a picture of a bathtub with a faucet and a drain and were given
the following information and questions: Here you see a bathtub. Water runs into this
bathtub through the tap. Meanwhile, water runs out of the bathtub through the drain
because it does not seal properly. Imagine, ten minutes ago, you started letting water
run into the bathtub and you are now satisfied with the water level. What do you have to

do in order to keep the current water level constant?

a) You have to open the water tap a little further.
b) You have to leave the tap as it is.

¢) You have to close the water tap a littler further.
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Thus, the bathtub scenario was a verbal translation of the original paradigm comprising
in- and outflows and a to-be-stabilized stock. (In all three scenarios, the first three
questions asked how the stock will react if inflows are higher, lower, or equal to
outflows, for example: Imagine more water runs into the bathtub than out of the
bathtub. How would the water level react? However, we limit our analyses to the more
difficult questions described here since the first three were answered by nearly all
participants.) In contrast to the bathtub and piggy bank scenarios, the notation of the
CO; scenario was slightly scientific, comprising percentage values and some technical
information on CO, emission and absorption in order to increase the generalizability of
results obtained in the verbal tasks (see Appendix III for the piggy bank and CO,

scenario).

Procedure. Participants were randomly assigned to the graphical (n = 140) or the
textual version (n = 30) of the standard tasks. In the graphical version, each participant
completed a set of 2 or 3 tasks with different scenarios as part of a larger study that was
not connected to SF tasks. Participants were randomly assigned to one set of tasks with
presentation order randomized across participants. In the textual version, each
participant was randomly assigned to one condition (IS or ~IS). I/P tasks and verbal
tasks were completed by n = 107 participants, also as part of other unrelated tasks. Each
participant completed both I/P tasks (playground, CO,) and one randomly assigned
verbal task (bathtub, piggy bank, CO,). Presentation order was randomized across

participants both between I/P tasks the and verbal task and within I/P tasks.

Results

For standard tasks, participants’ sketched solutions were rated qualitatively
correct when they were consistent with SF principles, but they did not have to be
quantitatively correct (Cronin, Gonzalez, Sterman, 2009). That is, sketches were rated
correct, when, from any point in time onwards, the drawn emission trajectory was
higher than (lower than, identical to) the drawn absorption trajectory when the stock
was increasing (decreasing, stabilizing). Sketched solutions to question 4 of the I/P
tasks were rated correct when they corresponded to the respective answer given to

question 3.
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For all tasks, presentation order was found to have no impact on solution rates.
Furthermore, contrary to our expectation, PM did not have a significant effect on
participants” average correct solutions (M = 15.5% in the ~PM and M = 17.2 % in the
PM condition). Thus, solutions were pooled over presentation orders and over both PM
conditions, resulting in n = 116, n = 94, n = 33, and n = 47 for the ~IS,~2L; IS,~2L; ~IS,
2L; IS, 2L task, respectively.

To investigate whether and to what extent solutions in the standard task
depended on surface features of the task format, a mixed-effects logistic regression
model was calculated over all tasks with IS and 2L as fixed factors, participants as
random factors, and solution as the dependent variable. A mixed-effects regression
model was chosen over regular regression since in our within-subjects design,
independence of observations could not be assumed (Baayen, Davidson & Bates, 2008).
In line with our expectations, both IS and 2L yielded a significant effect on participants’

solutions (Table 1).

Table 1.
Fixed effects coefficients of the logistic mixed effects model for the standard tasks.

Fixed Coefficient St. error Lower Upper z-value p-value
effect 95% CI 95% CI
IS 1.886 0.875 0.136 3.636 2.156 0.031
2L 1.224 0.497 0.230 2218 2.463 0.014

Note. IS = Initial stock given or not; 2L = In- and outflow depicted as two lines vs. as

line and dot.

Specifically, solution rates increased from 16% in the original task when neither IS nor
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2L were given, to 40% when both IS and 2L were given (solution rates were 29% and
30% for the IS, ~2L and ~IS, 2L task, respectively). The effect of the IS was
particularly strong in the textual condition, yielding an average correct solution of M =
80% in the IS, compared to M = 40% in the ~IS condition, x2 (1, N=30)=5.00,p =
.025, indicating that for both graphical and textual task displays, solution rates increased

when additional numerical surface information was provided, see Figure 4.

. Graphical display
VA Textual display

Solution Rate
40% 60% 80%

20%

0%

~MS, 2L 1S,~2L 0 MIS2L 1S2L IS IS
Figure 4. Solution rates for different conditions of both the graphical display (left) and
the textual display (right) in the standard task. IS and ~IS denote whether the initial
stock was given in the task display, or not. 2L and ~2L. denote whether both the in- and
outflow trajectory were depicted as singe lines in the task display, or whether only the
inflow was depicted as a line, and the outflow was depicted as a single dot. Note that the
~IS, ~2L condition is equivalent to the original task used in previous research (Sterman

& Booth Sweeney, 2002, 2007).

In the I/P tasks, the majority of our sample (M = 97%) was able to correctly read
and interpret the graphs presented to them (question 1, see Fig. 3). Verbal production
tasks were also correctly answered by the majority of participants (M = 83%, M = 89%,
for question 2 and 3, respectively). However, in line with our expectations, translating
verbal answers into a graphical presentation (question 4) was only accomplished by
57% of the sample. A McNemar test yielded a significant difference between the mean

solution rate of both verbal production tasks and the graphical production task, y* (1, N
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=107)=8.65, p = .003, indicating that for most participants, answers were easier to
provide in a verbal than in a graphical format. Unexpectedly, while there were no
significant differences between both graphical production tasks (CO, vs. playground)
for Questions 1-3 (p > .05), a McNemar test yielded a significant difference between
solution rates of both scenarios in the graphical production task (question 4), x* (1, N =
107)=16.80, p <.001: While 79.3% of the participants were able to sketch their answer
in the CO, scenario, only 35.4% were able to sketch their answers in the playground
scenario. That is, participants were more correct drawing the relation “outflow must be
smaller than the inflow” than drawing the relation “outflow must equal inflow”. We
found a typical mistake in sketching the latter: Instead of drawing two identical lines,
22% of participants drew two parallel lines, resulting in different y-values for in- and
outflow. (Note that lines were only rated as parallel, and not as identical if they were at
least 0.2 inch apart.)

In line with our hypothesis, the majority of our sample was able to answer SF
questions in the verbal task format, yielding an average correct solution of M = 86%.
Specifically, solution rates ranged from 98% and 90% (bathtub and piggy bank task,
respectively) to 70% (CO, task). Thus, SF failure could be reduced when a task format
without coordinate systems and graphs and without a focus on quantitative information

was used.

Discussion
The present experiment tested whether SF failure can be at least partly explained by
specifics of the task formats used in previous research (e.g., Sterman & Booth Sweeney,
2007). Specifically, two caveats were made out.

First, in line with our expectations, both graphical and textual versions of the
original paradigm seem to encourage participants to focus on numerical surface features
of the task (local search) instead of trying to detect the problem structure (global
search): Solution rates varied as a function of the surface information even when the
structure remained constant. This was true even for the textual task design, given that
solution rates doubled to 80% in the IS condition. Importantly, we do not believe that
participants in the IS compared to the ~IS condition were able to detect the problem

structure, i.e., we argue that high solution rates in the original paradigm do not reflect
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participants’ ability to understand the SF structure, just like we argue that low solution
rates in the original paradigm (Cronin, Gonzalez & Sterman, 2009) do not reflect
participants’ inability to understand SF structures. Much rather, we interpret this result
as showing that solutions in the original paradigm are highly dependent on surface
features of the task format, thus not mirroring participants’ actual (mis)understanding of
the underlying SF structure but rather their (in)ability to use the surface features of the
task, such as being able to sketch their answers or to calculate exact solutions.

In contrast to our expectation, however, solution rates in the original paradigm
did not differ as a function of the suggestion of pattern matching in the task design. This
result suggests that, at least for this task format using graphs, the use of a pattern
matching seems to be an inherent and generic strategy that participants adhere to
independent of the task format.

Second, in line with our hypothesis, I/P tasks revealed that the production of
graphs in the standard task may have artificially decreased solution rates. We found that
solutions to one and the same task were reduced by up to 50% when a graphical
compared to a verbal answer was needed. Thus, submitting answers graphically results
in a dramatic underestimation of participants’ true problem solving abilities.

One task with a stabilizing stock was particularly revealing: In the verbal
condition, most participants arrived at the correct solution (inflow equaling outflow);
when asked to draw this exact answer into a coordinate system, however, nearly one
quarter of our participants sketched two parallel lines. Interestingly, this misconception
in the construction of graphs may be able to partially explain the typical mistake in the
standard task with stabilizing stock (e.g., Sterman & Booth Sweeney, 2007): Our results
suggest that at least some participants may well have the correct verbal representation of
the inflow needing to equal the outflow, but then submit a wrong answer by sketching
the inflow paralleling the outflow. Thus, the original paradigm using coordinate systems
and graphs seems to underestimate participants’ ability to grasp SF problems because a
potentially error-prone layer is added between participants’ mental representations and
their submitted answers. On a more general level, this result suggests that, while it may
well be reasonable to convey complex information in the form of suitable graphs,

participants’ understanding of a problem should not be retrieved graphically.
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When both caveats (focus on quantitative information, use of coordinate
systems) were avoided in the verbal tasks, a vast majority of participants arrived at the
correct solution to different SF problems. This result suggests that participants are able
to get the qualitative gist of SF problems when they are presented verbally.

Moreover, even the use of the pattern matching heuristic was significantly
reduced in the verbal CO,-task given that 70% of participants correctly answered that
the stock increases, even if CO, emissions are reduced. In other contexts it was
repeatedly shown that participants are able to overcome simple heuristics with practice
or insight and, if possible, prefer to make use of the causal structure underlying the
problem (Brehmer, 1976; Garcia-Retamero, Wallin & Dieckmann, 2007; Gonzalez,
2004). Similarly, it was assumed before that participants might either use the pattern
matching heuristic or learn to make use of the deep structure of the problem (Cronin,
Gonzalez & Sterman, 2009). Our results confirm this hypothesis and generalize
previous research on heuristics versus causal structures to the SF context: If SF tasks are
presented in such a way that participants have problems understanding their causal
structure (standard tasks), they make use of the simple pattern matching heuristic. If,
however, tasks are presented in such a way that participants can detect their causal
structure (verbal tasks), participants are able to overcome heuristic solutions and arrive

at more complex inferences using the SF structure instead.

Limitations
It could be argued that the validity of the verbal tasks is to be doubted, specifically, that
they were too simple. Of course, given the high solution rates, verbal tasks were indeed
simpler than tasks in the original paradigm. In order to determine whether SF tasks were
too simple, however, one needs to determine a) what any SF task needs to assess in
order to be valid and b) what might have caused the simplicity of verbal tasks.
Concerning a), SF tasks necessarily need to test whether participants understand
SF problems. In our opinion, this means testing whether participants are able to detect
the underlying problem structure—*"“that the quantity of any stock, such as the level of
water in a tub, rises (falls) when the inflow exceeds (is less than) the outflow” (Sterman,
2010, p.3)—and whether participants are capable of using their potential understanding

of the problem structure, e.g. by making inferences about a stock. Furthermore, such a
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test should limit potential misunderstanding of the task format, and solutions should be
as independent of specific features of the task format and as close to participants’
mental representations as possible. We argue that all those requirements can be met by a
qualitative SF task, especially because our results suggested that solutions in the
original (quantitative) paradigm are dependent on and participants have problems with
certain features of the task format.

Concerning b), higher solution rates of the verbal tasks could have two reasons.
First, verbal tasks might have been structurally simpler than SF tasks in the original
paradigm. This is not the case, though, since verbal tasks were designed to be
structurally equivalent to SF tasks used previously, comprising one stock, one inflow
and one outflow with participants determining one or two aspects given the other. That
is, verbal tasks were isomorphic to the tasks used in the original paradigm. The second
reason could be that, albeit structurally equivalent, the problem structure was given
away to the participants. Verbal tasks, however, differed in the extent to which the
structure was made explicit to the participant in the answer options, yet solution rates
were high even in the most difficult task: Whereas in the piggy bank scenario, the
magnitude of the inflow was explicitly related to the magnitude of the outflow, in the
bathtub scenario, only the inflow was mentioned in the answer options, and participants
needed to establish the relation between in- and outflow on their own. Moreover, in the
CO; scenario, this relation even needed to be established for a specific amount of inflow
reduction. Thus, at least for the bathtub and CO, scenario, participants themselves
needed to bring together the decisive aspects of the SF structure rendering these tasks a
direct translation of the original paradigm. Consequently, we argue that the validity of
the verbal tasks is diminished neither because of their qualitative format, nor because
they were structurally simpler nor because they gave away the problem structure. We
reason that verbal tasks are easier because their task format makes it easier for
participants to detect the underlying SF structure—a structure which, in turn, is actually

quite simple.

Implications
Present findings have various implications for the communication of SF

problems such as the accumulation of debts, or the accumulation of CO; in the
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atmosphere. Given the nature of our sample, members of the general public (and not
only highly educated students) are able to understand SF problems when presented
qualitatively. Based on these findings, we suggest that display formats used in media
reports should be modified. Specifically, we suggest that quantitative information is
reduced to a minimum in order to render abstract topics more accessible and to
communicate risk more effectively. This is even more important given that the way
information is presented does not only affect understanding of the problem, but also the
quality of decision-making (Covey, 2011). For example, it was reasoned that people’s
misunderstanding of SF structures inherent to climate change could explain their lack of
motivation to contribute to climate change mitigation (Sterman, 2008). It is up to future
research to determine, however, whether increasing people’s understanding of climate
change by presenting its SF structures verbally, will also lead to an increased motivation

to contribute to its solution.

Conclusion

Based on the presented findings, the previously well-established SF failure seems to be
attributable to the salience of quantitative information in the information display on the
one hand and on participants’ difficulties to construct line graphs on the other.
Consequently, in the original paradigm, participants were not able to demonstrate their
verbal understanding of SF problems. If SF problems are considered as understood only
when participants uncover the SF structure from quantitative data (be they presented
textual or graphical), one can say that people have severe difficulties understanding SF
problems. However, if SF problems are considered as understood also when participants
uncover the SF structure from qualitative data, our results suggest that people do
understand SF problems. That is, SF failure is valid for, but confined to, a specific task
type, namely one that conceives of the SF structure as quantitative rather than
qualitative. On a more general level, our findings contribute to a long history of
psychological research showing that most people are able to effectively deal with even
highly complex tasks, as long as they are presented in an intuitive and accessible

format.
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Appendix I: Scenarios used for the standard tasks (translated).

Department store scenario

The following Figure depicts how many people are inside a department store over the
course of 10 minutes.

The following Figure depicts the amount of people entering and leaving the above
department store. Please draw both how many people must enter and how many people
must leave the department store from minute 5 to 10 in order to achieve the above stock
(several solutions are possible, please draw only one).

IS condition: At the beginning, 32 people are inside the store.

Members of a club scenario

The following Figure depicts the amount of members of a club over the course of 10
years.

The following Figure depicts the amount of people joining and leaving the club. Please
draw both how many people must join the club and how many people must leave the
club from year 5 to 10 in order to achieve the above stock (several solutions are

possible, please draw only one).

Guests on a party scenario

The following Figure depicts the amount of guests on a party over the course of 10
minutes.

The following Figure depicts the amount of people coming to and leaving the party.
Please draw both how many people must come to and how many people must leave the
party from minute 5 to 10 in order to achieve the above stock (several solutions are

possible, please draw only one).

Nuts collected by a squirrel scenario

The following Figure depicts the amount of nuts of a squirrel over the course of 10
days.

The following Figure depicts how many nuts the squirrel collects and eats. Please draw

both how many nuts the squirrel must collect and how many nuts the squirrel must eat
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from day 5 to 10 in order to achieve the above stock (several solutions are possible,
please draw only one).

IS condition: At the beginning, the squirrel has 3 nuts.

26
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Appendix II: Playground scenario used for the I/P tasks (translated).

The following Figure depicts the amount of children entering and leaving a playground.
1. How does the amount of children entering the playground relate to the amount of
children leaving the playground?

[] The amount of children entering equals the amount of children leaving the

playground.

[] The amount of children entering is higher than the amount of children leaving

the playground.

[] The amount of children entering is lower than the amount of children leaving

the playground.

2. If the amount of children entering and leaving the playground relate to each other as
depicted above: How will the amount of children who actually are on the playground

develop over time?
[]1 The amount of children on the playground will rise.
[] The amount of children on the playground will fall.
[] The amount of children on the playground will remain constant.

3. Assuming that the amount of children on the playground will remain constant: How

would the amount of children entering have to relate to the amount of children leaving?

[] The amount of children entering would have to be greater than the amount of

children leaving.

[] The amount of children entering would have to be equal to the amount of

children leaving.

[1 The amount of children entering would have to be less than the amount of

children leaving.

3. Please sketch your answer to question 3 into the Figure below. (Several solutions are

possible, please sketch only one).
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Appendix III: Scenarios used for the verbal tasks (translated)

Piggy Bank Scenario

Image you have a piggy bank. Each month, you throw money into the piggy bank, and
you also take some money out of the piggy bank. Imagine, you want to buy yourself a
book worth 20 Euro. You count the money inside your piggy bank and notice that you
currently have 10 Euro. What do you need to do to ensure the amount of money will

increase to 20 Euro?

a) You have to take less money out of the piggy bank than you throw into it.
b) You have to take more money out of the piggy bank than you throw into it.

c) You have to take out as much money as you throw into the piggy bank.

CO; Scenario

CO; emissions are caused by the burning of fossil fuels and lead to an increase of
atmospheric CO; concentration. CO; absorptions are caused by woods and oceans and
decrease atmospheric CO; concentration. CO, emissions are currently twice as high as
CO; absorptions. Imagine, emissions were reduced by 30%: How would the

atmospheric CO, concentration react?

a) Atmospheric CO; concentration would increase
b) Atmospheric CO, concentration would decrease

c) Atmospheric CO, concentration would remain constant



