
Journal of Science Education and Technology (2021) 30:40–57
https://doi.org/10.1007/s10956-020-09869-x

Working Together: Integrating Computational Modeling Approaches 
to Investigate Complex Phenomena

Tom Bielik1  · Ehud Fonio2 · Ofer Feinerman2 · Ravit Golan Duncan3 · Sharona T. Levy4

Accepted: 23 September 2020 
© The Author(s) 2020

Abstract
Complex systems are made up of many entities, whose interactions emerge into distinct collective patterns. Computational 
modeling platforms can provide a powerful means to investigate emergent phenomena in complex systems. Some research has 
been carried out in recent years about promoting students’ modeling practices, specifically using technologically advanced 
tools and approaches that allow students to create, manipulate, and test computational models. However, not much research 
had been carried out on the integration of several modeling approaches when investigating complex phenomena. In this 
paper, we describe the design principles used to develop a middle school unit about ants’ collective behavior that integrates 
three modeling approaches: conceptual drawn models, agent-based models, and system dynamics models. We provide results 
from an initial implementation of an 8th grade curricular unit, indicating that students engaged with several aspects of the 
modeling practice. Students’ conceptual knowledge about ant pheromone communication increased following learning the 
unit. We also found gains in students’ metamodeling knowledge about models as tools for investigating phenomena. We 
discuss the affordances and challenges of engaging students with several modeling approaches in science classroom.

Introduction

Science is about explaining the natural world. These explana-
tions often come in the form of models and theories that are 
grounded in evidence (Harrison and Treagust, 2000; Lehrer 
and Schauble 2006). In this sense, science education is not just 
about learning concepts. It is just as much about learning to 
construct models, explain, argue, and reason using evidence and 
models (Penner, 2000). Developing and using models are key 
scientific and engineering practices (National Research Council 
[NRC], 2012). Models serve to explain and predict phenomena, 
and scientists use evidence to support or refute alternative mod-
els. Given that modeling plays such a central goal of science, 
it received much attention in science education. Students are 
expected to construct, use, evaluate, and revise models to make 

sense of phenomena or to solve problems. However, most stu-
dents are not provided with meaningful opportunities to engage 
in this practice (Schwarz et al. 2009).

Students’ modeling competence is typically viewed in two 
dimensions: modeling metaknowledge and the modeling prac-
tices (create, use, compare, validate, revise) (Chiu and Lin, 
2019; Nicolaou and Constantinou, 2014; Nielsen and Nielsen, 
2019). In recent years, metamodeling knowledge has moved to 
the forefront and it was found to be central to students’ ability 
to learn with models (Rinehart et al., 2016; Krell and Krüger, 
2017; Schwarz et al. 2009).

Different modeling approaches highlight distinct features 
of phenomena and systems, and scientists have used multiple 
types of models to study the same phenomenon. Wilkerson 
et al., (2018) described two aspects of engagement with models: 
epistemic forms (model elements, representational structures) 
and epistemic games (modeling strategies), which can be found 
in different modeling approaches.

In most research carried out on developing students’ mod-
eling practice, students usually engage with one modeling 
approach (e.g., diagrams, animations, agent-based modeling, 
or system dynamics). This does not provide students with 
opportunities to develop understandings of multiple types 
of models that could be used to investigate different fea-
tures of the same phenomenon and that different models can 
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have distinct advantages and disadvantages (Schwarz et al., 
2009). As a result, there have been calls for combining mul-
tiple modeling approaches, such as agent-based modeling 
and system dynamics (Eilam and Reisfeld, 2017; Guerrero 
et al., 2016; Stroup and Wilensky, 2014; Wilkerson-Jerde, 
et al., 2015).

Little is known about designing curricular materials that 
combine multiple modeling approaches and about how stu-
dents make sense of the similarities and differences of vari-
ous approaches as well as their affordances and constraints. 
Therefore, this study aims to present a design case of a cur-
ricular middle school unit that integrates several modeling 
approaches. In this unit, students constructed conceptual 
models and used two computational modeling tools to make 
sense of the familiar, yet complex, phenomenon of ants’ trail 
formation, as an example of collective behavior. We discuss 
how students used the different modeling approaches and the 
challenges and successes students encountered when using 
the different modeling tools during a short intervention.

Our research questions were the following: (i) How did 
students engage with the different modeling approaches inte-
grated in the unit? and (ii) What were the changes in stu-
dents’ conceptual understanding and metamodeling knowl-
edge following learning the unit?

Literature Review

Models consist of components and relationships, and they 
are used by scientists and engineers for representing systems 
and explaining phenomena (Harrison and Treagust, 2000; 
Schwarz et al. 2009). A Framework of K-12 Science Edu-
cation (National Research Council [NRC], 2012) defines 
the modeling as developing, revising, using, and evaluating 
models to predict phenomena and to describe unobservable 
mechanisms. The modeling practice is viewed as critical 
for advancements in science knowledge and important for 
students to make sense of phenomena and share their ideas 
(Passmore, et al., 2014).

In using the term conceptual models, we refer to men-
tal models that students externalize through various forms 
of representations, including box and arrow, drawings and 
diagrams, and written descriptions of mechanisms (Gentner 
and Stevens, 1983; Johnson-Laird, 1994). While Nersessian 
(1992) has used the term to denote expert generated models, 
we are broadening this conceptualization to include models 
that students generate that are likely not scientifically accu-
rate, are incomplete, and are not necessarily mathematical 
(Schwarz et al., 2009). Conceptual models make students’ 
ideas visible to themselves and to others and thus can serve 
as fodder for discussion about competing explanations and 
the sorts of evidence needed to decide which model best 
explains the phenomenon Pluta et al.,(2011) 

Complexity approaches to modeling systems have come 
into the limelight in several different domains of science 
(social, natural, and more) and have entered the practice of 
education. Agent-based modeling (ABM) is one of the main 
forms of expressing this approach. ABM is based on the idea 
that a system can be represented as many entities that oper-
ate according to a small set of simple rules. For example, ant 
convoys can be seen as resulting from interactions between 
single ants, food sources, and pheromones. Examples of 
interaction rules include the following: an ant who finds food 
goes home (nest) while dropping pheromones and foraging 
ants with no food head for the strongest scent. Emergence 
is a central concept associated with complexity and is the 
process by which the actions and interactions of the system’s 
entities emerge into global patterns (Bar-Yam, 1997). The 
actions of many individual ants can reach a critical mass 
which results in a path of pooled scent and the familiar ant 
trails. In learning to reason through an ABM approach, 
students notice the main entities in the system, define their 
properties and actions, and lay out the rules of interactions 
between the different kinds of entities.

Another common approach of modeling is system dynam-
ics (SD). The SD approach focuses on the complex, time-
based, nonlinear characteristics of a phenomenon, where the 
rates at which different processes take place rise and fall as a 
result of feedback loops (Forrester, 1994). This includes con-
sideration of the boundaries and components of the system, 
interactions between components in the system and between 
different systems, and emergent properties and behavior of 
the system (Russ et al., 2008). The outcomes of SD models 
can be counterintuitive, and it is difficult to know a priori 
which components of the system will have significant impact 
on the model behavior. Engaging in the modeling practice 
through SD can provide a scaffold to help students develop 
a system thinking perspective (Zimmernman, 2007). For 
example, SD models can demonstrate how rising tempera-
ture can affect the rate of ants’ food transfer to the nest, as 
the high temperature causes the pheromones to evaporate 
faster and thereby make the formation of the ant trail take 
more time. Engaging in the modeling practice through SD 
can support students’ system thinking perspective.

Few studies compared between different modeling 
approaches. Thompson and Reimann (2010) studied the 
students’ exploration of ABM and SD models, finding 
distinct features describing each of these. Several studies 
focused on the effect of integrating multiple modeling tools 
on students’ learning. Stroup and Wilensky (2014) focused 
on how ABM and SD forms of reasoning may enrich each 
other and how these perspectives may be developed in 
learning mathematics and science, naming it “embedded 
complementarity.” Wilkerson-Jerde et al. (2015) explored 
students’ engagement when modeling using diagrams, ani-
mations, and computational models, finding two distinct 
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modeling cycles: “messing about” and “digging in.” Eilam 
and Reisfeld (2017) integrated both SD and ABM modeling 
approaches in a 9th grade simulation-based full semester 
curriculum, identifying several students’ complex systems 
thinking cognitive learning aspects and finding improve-
ment in students’ system thinking following learning the 
curriculum.

The development of students’ metamodeling knowledge 
is comparatively well studied, focusing on students’ knowl-
edge about the nature, purpose, and function of scientific 
models (Pluta et al., 2011; Gilbert, 2004; Gobert and Pallant, 
2004; Krell and Krüger, 2017; Schwarz and White, 2005). 
Grosslight et al., (1991) established a classification of stu-
dents’ conceptual understanding of the nature of models, 
ranging from lower level of considering models as a copy 
of reality to high level of perceiving models as tools to test 
and evaluate ideas about natural phenomena. Schwarz, et al., 
(2009) defined metamodeling knowledge as the understand-
ing of the nature of models, the purpose of modeling, as well 
as the criteria used to evaluate models. Louca and Zacharia 
(2012) emphasized the need to investigate the specific rela-
tionship between modeling metaknowledge and how people 
engage in the modeling practice as one pending issue for sci-
ence education: “One of the most pressing needs for future 
research is to study […] the relationship between explicit 
knowledge concerning the nature of science and the pro-
cess of modeling, with the ways in which students engage in 
model creation and revision” (p. 486). In this study, we fur-
ther investigate the development of students’ metamodeling 
knowledge as they engage in several modeling approaches. 
This contributes to the existing literature, as not enough is 
known about the possible contribution of integrating mod-
eling approaches to students’ metamodeling knowledge.

Computational modeling tools can be particularly mean-
ingful for students’ learning, as they provide them with 
an opportunity to explain and predict complex dynamic 
relationships and to visualize abstract concepts (Bie-
lik, et al., 2018; Crawford and Cullin, 2004; Louca and 
Zacharia, 2012; Sins et al., 2009). For example, Bielik, et., 
(2018) found that engaging middle school students with a 
computational modeling tool promoted their abilities to 
develop high level models in both complexity and quality 
dimensions in the context of molecular processes related 
to water quality.

Design and Instructional Context

Design Principles

Based on the literature review presented above and the 
design framework for supporting students’ inquiry when 
using computer software (Quintana et  al.,  2004), we 

conceived several design principles for the development of 
a middle school curricular unit. The three main design prin-
ciples that guided the development of the unit were:

• Engagement with several modeling approaches—stu-
dents have meaningful opportunities to engage with 
several modeling approaches integrated in the unit, 
including both pictorial representations and computa-
tional modeling tools, to investigate different aspects of 
a complex phenomenon. As we have noted, understand-
ing the plurality of modeling approaches is important, yet 
underemphasized and under studied aspect of modeling 
practice (Stroup and Wilensky, 2014).

• Explicit consideration of affordances and constraints of 
each modeling approach and their integration—students’ 
engagement with the different modeling approaches 
should be accompanied by explicit consideration of the 
affordances and constraints of each modeling approach, 
together with a focus on the complementary aspects of 
using different modeling approaches when investigating 
the same phenomenon. Expecting students to develop 
explicit metaunderstandings from mere engagement with 
the practice is not effective (Berland et al., 2016). There-
fore, to support students’ metaunderstandings, students 
explicitly engage in discussion about it.

• Hourglass modeling sequence—following the introduc-
tion of the unit’s driving question and anchoring phe-
nomenon, students start building initial models that rep-
resent their explanations of the phenomenon. After this, 
students focus on one plausible model by engaging in an 
in-depth exploration of its mechanism. Students conclude 
the unit by engaging with models that allows them to 
explore new factors that may influence the investigated 
system, thereby providing them with an opportunity to 
ask new questions that can lead to further investigation.

Investigated Phenomena: Ants’ Pheromone 
Communication

Ants demonstrate one of the most intriguing natural com-
plex system and social network. In one nest, thousands 
of ants continuously collaborate to forage for food and 
protect the nest. This requires highly evolved communi-
cation methods that should be simple and effective across 
space and time. Ants do not use a centralized commu-
nication system. Information is transferred mostly using 
chemical signals called pheromones. Each ant can release 
pheromones to alert other ants from approaching dangers 
or to recruit ants to a food source. When enough phero-
mones are continuously released by ants, a continuous 
trail is formed and sustained by ants collecting food to 
the nest (David Morgan, 2009; Dussutour et al., 2005). 
This is an example of a phenomenon emerging from 

42



Journal of Science Education and Technology (2021) 30:40–57 

the collective participating agents. Ants’ collaborative 
behavior and chemical communication when forming 
the trail is widely studied, providing many theoretical 
and practical models that are used to solve data transfer 
problems.

Based on our experience, we knew that students have 
most likely encountered ant trails in their everyday life and 
that this would be a relevant and familiar phenomenon that 
students can readily explain. Our collaborating teacher also 
believed that this will be an interesting, challenging, and 
motivating context for student investigations. The phenom-
enon of ants’ pheromone communication was found to be 
suitable for Israeli middle school students, as it addresses 
the topics of animal communication in the environment 

and function and processes in biological systems (Israeli 
Ministry of Education, 2016).

Unit Design and Enactment

We developed a curricular unit focusing on the phenomena 
of ant behavior when foraging for food. The unit included 
three main lessons. In the first lesson, student groups con-
structed, drew, presented, and discussed initial conceptual 
models describing the formation of the ant trails (Fig. 1). In 
the second lesson, students engaged with the ABM approach. 
In this lesson, students used an adapted version of the Net-
Logo ant simulation (Wilensky, 1997, 1999), which supports 
selecting the underlying rules, which they had come up with 

Fig. 1  Examples of student 
groups’ drawn models during 
lesson 1 to explain the forma-
tion of ants’ food foraging trails. 
a Model of an ant recruiting 
other ants by transmitting sig-
nals from the food source. This 
drawing includes a legend and 
suggested experiment to test the 
hypothesis. b Model of ants fol-
lowing each other on the phero-
mone trail to the food source. 
Title written in this drawing is 
‘Ants following the smell’
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in the first lesson. The students investigated the variables 
that may affect the efficiency of ant trails when foraging for 
food (Fig. 2. In the third lesson, students engaged with the 
SD approach, using SageModeler computational modeling 
tool (Damelin, et al., 2017; Bielik, et al., 2019) to construct 
models in which they explored some of the variables affect-
ing the rate of transferring food to the nest by the ants they 
had encountered in the second part (Fig. 3). At the time of 
the unit enactment, we could not find ants in the school’s 
surroundings. Instead, we used high-definition movie clips 
of ants, and the ABM computational model provided a 
more realistic aspect to explore the formation of ant trails. 
Detailed description of the lessons and the design principles 
can be found in the Appendix. The sequence of lessons and 
expected timeline is provided in Table 1.

The unit was enacted in one 8th grade class. The class’s 
science teacher, Dina (pseudonym), was an experienced 
middle school science teacher with over 20 years of science 
teaching experience in both middle and high school life sci-
ences. The authors had several meetings with the teacher 
to present the unit. Dina made several suggestions to the 
planned lessons that helped the authors to revise the unit to 

better fit the class. Since the teacher had no experience with 
the computational modeling tools, the authors taught some 
of the lessons, with the support of the teacher.

Materials and Methods

This is a qualitative study that includes methods used to 
explore students’ models and modeling knowledge and their 
learning during the enactment of the curricular unit. Some 
of the presented data is qualitative. However, due to the rela-
tively small data sample, we did not perform any statistical 
analysis beyond the quantitative representation of the results. 
Research methods, data sources, and analysis are described 
below.

Participants

The unit was enacted in a class of 26 8th grade students (16 
females/10 males) from a suburban middle school located in 
the south of Israel with students of average socioeconomic 
level. Students in the class were mostly with high learning 

Fig. 2  Screenshot of the NetLogo ant trail activity. In the world simu-
lation box: Red dots represent ants, purple central circle represents 
ants’ nest, blue dots represent three food sources, and bright green 

areas represent ants’ released pheromone trail once food is found and 
taken to the nest
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competencies, as they were all in a class of advanced aca-
demic achievement program. Based on teacher information, 
the students in this class learned about models in science les-
sons earlier in the school year, mostly using particle nature 
of matter model to explain and predict phenomena. How-
ever, no explicit teaching about modeling or the nature of 
models had been carried out by the teacher.

Tools, Methods, and Analysis

ABM Activity

An adaptation of the NetLogo ant model replaced the inter-
face of the original model with a sequence of screens in 
which widgets were used to select and construct the rules 
in the model: from the number of ants, through their walk-
ing style, all the way to the full set of interactions among 
the ants, and with the pheromone drops, within their envi-
ronment. Printed worksheets provided step-by-step instruc-
tions for using the models. As the activity progressed, more 
choices of code were provided, and more combinations of 
these blocks were made possible.

In the beginning of the ABM activity, students divided 
into groups of 2–3 students of their own choice. Six groups 
filled out the worksheets. The worksheet required students to 
answer questions that guided their investigation and demon-
strated their understanding (e.g., “Describe what is happen-
ing in the model”), predictive questions for the simulation 
outcome (e.g., “What do you think will happen if the food 
transfer rate if the ants will walk faster?”), and questions 
about the conclusions from running the model (e.g., “What 
can you conclude from working with this model? Write at 
least three conclusions.”). The worksheets were analyzed for 
emerging themes by one of the authors.

SD Modeling Activity

In the beginning of the SD activity, students divided into 
groups of 2–3 students of their own choice. Each group 
worked on a computer to develop their model. Students’ pro-
duced links to their final models which were collected for 
analysis. All text written in the models were translated from 
Hebrew to English by the authors. Models were analyzed to 
investigate the possible development of students’ modeling 
practice using the following criteria:

a Understanding the purpose of the model or the question 
that the model addresses—we examined students’ writ-
ten text in the box that asks for the model question/goal.

b Using the correct and relevant variables and relation-
ships—we examined the variables and the relationships 
between them, as defined by the students.

c Using sophisticated explanations for defining the rela-
tionships between variables—to explore this aspect, 
students’ written text in the explanation box for each 
relationship between variables in the model was evalu-
ated. Explanations varied from no written explanation or 
a nonrelevant response to full explanations that included 
evidence and justification, such as empirical data or 
prior knowledge.

The evaluation of students’ explanations was indepen-
dently performed by two of the authors, and full consensus 
was achieved.

Lesson Recordings and Observation Notes

All lessons were audio recorded. In addition, observa-
tional notes were recorded by the authors. Recordings and 

Fig. 3  Initial SageModeler 
model provided to students. 
Initial model includes two col-
lector variables (amount of food 
in environment and amount 
of food in the nest) connected 
with a valve representing the 
rate of food transfer from the 
environment to the nest. Model 
also includes three variables not 
connected to the main model: 
ant speed, number of ants, and 
pheromone evaporation rate. 
Model also includes an empty 
model question/goal box
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observational notes were examined by the authors and used 
to describe the enactment of the unit and to capture students’ 
attitudes toward and using the modeling tools in the unit. 
Specific relevant parts of the whole-class discussion record-
ings during the lessons were transcribed and translated to 
English.

Pre‑ and Post‑unit Questionnaires

Pen and paper questionnaires were administered before the 
beginning of the first lesson and following the last lesson of 
the unit. Twenty-three students filled out both the pre- and 
post-unit questionnaires and were included in the analysis.

Since there are no existing items that specifically explore 
students’ conceptual understanding about ants’ chemical 
communication, the authors developed two open-ended 
questions that were used in the pre- and post-unit question-
naires. The first question was “How do the ants create the 
trail?.” Students’ responses were coded and classified into 
emerging categories by two of the authors in an iterative pro-
cess until full consensus was reached. Emerging categories 
are detailed in Table 2. The second question was “How do 
ants communicate?.” Again, student responses were clas-
sified into emerging categories by two of the authors in an 
iterative process until full consensus was reached. Some 
responses were classified into more than one category. The 
description of emerging categories is provided in Table 3.

To investigate possible changes in students’ metamod-
eling knowledge, pre- and post-unit questionnaires included 
the following open-ended questions: (i) What is the scientific 
model? and (ii) What do scientists use models for? These 
questions were based on questionnaires that were devel-
oped, validated, and used in other studies (e.g., Grosslight 
et al. 1991; Gobert and Discenna, 1997; Sins et al., 2009). 
Student responses for both questions were independently 
classified into combined emerging categories by two of the 
authors. Some responses were classified into more than one 
category. Several iterative cycles of categories revision were 
carried out by the authors until full consensus was reached. 
Inter-rater reliability for all student responses was calculated 
using Cohen’s kappa coefficient. A high reliability score was 
reached (k[SE] = 0.664[0.078]). Emerging categories are 
detailed in Table 4.

Teacher Interview

The teacher of the class, Dina, was interviewed three months 
following the enactment of the unit. In this semi-structured 
interview, the teacher was asked questions regarding the stu-
dents’ experience in learning about models and using tech-
nology tools in science class, her and the students’ experi-
ences during the lessons and using the modeling tools, and 
the advantages and disadvantages of using the modeling 
tools in the unit. The interview was audio recorded, and 

Table 2  Emerging categories of students’ conceptual understanding of ant communication

Category Description Example

Physical construction Ants physically construct the trail and walk through it “I think the ants create the trail by digging in the ground.” 
(Student #9, pre-questionnaire)

Chemical trace Ants that find food secrete pheromones to recruit other 
ants from the nest to the food source

“The ants smell the pheromone that other ants release on the 
trails, follow it and reach the food.” (Student #3, post-
questionnaire)

Individual follow Ants follow each other as they forage for food “Following each other until there is a convoy.” (Student #16, 
post-questionnaire)

Path description Ants that find food return to the nest to recruit other ants 
by communicating the location of the food (similar to 
bee dance in hive)

Evident in students’ drawn models (see Fig. 3)

Other Not relevant or not clear responses “I think ants can just handle the condition of the soil.” (Stu-
dent #11, pre-questionnaire)

Table 3  Classification of student responses to the question “how do ants communicate?” (Words relevant to the category are underlined by 
authors.)

Category Example

Pheromones or smell “I think ants communicate with each other using pheromones.” (Student #2, post-questionnaire)
Antenna “I think ants communicate by using antennas.” (Student #14, post-questionnaire)
Language or sound “Ants has a unique language of their own.” (Student #11, pre-questionnaire)
Gestures or motion “Smell, motion, like bees.” (Student #22, pre-questionnaire)
Physical contact “I think ants communicate with each other by contact.” (Student #7, post-questionnaire)
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several relevant parts were transcribed and presented in the 
results.

Results

Students’ Engagement with the Different Modeling 
Approaches

To investigate the first research question, how students 
engaged with the different modeling approaches integrated 
in the unit, we present results from the following data 
sources: (i) student groups’ drawn models; (ii) students’ 
written responses in the ABM worksheets, indicating the 
development of students’ understanding of complexity and 
the content; and (iii) students’ submitted SD models, repre-
senting the development of their understanding of modeling 
and modeling abilities.

In their drawn models, multiple different ideas about trail 
formation were expressed. Two groups included a central-
ized control, noting an ant that finds the food and leads the 
others to it. Other groups had a less clear drawn mechanism 
for how the trail forms. Five out of the six groups included 
smell as a communication signal or as part of the signal. 
Another group had a signal similar to radio waves. Sensing 
organs were either not specified or noted as the antenna. 
There was no mention of critical mass of ants needed for 
the trail to emerge; a single ant trail seemed to be enough to 
draw others. There was no representation of evaporation or 
strength of smell in any of the drawn models. However, one 
of the models did include a parameter for how much food 
there was at the source and information about how many ants 
would be needed to move it. Several groups added a written 

explanation to their drawn models. One group suggested 
that there is one ant that recruits other ants by transmitting 
a signal from the food source (Fig. 1a), while other groups 
suggested the ants follow each other to the food source based 
on the pheromone trail created by the ant that found the 
food source on its way back to the nest (e.g., Fig. 1 b and c). 
Due to time limitations, the lesson did not include planning 
and carrying out the outdoor investigation. Instead, it was 
performed by the students as a homework assignment. The 
other lessons were carried out in full alignment with the 
curriculum.

Agent‑Based Modeling

In the second lesson, students were introduced to the ant 
agent-based model. They worked in groups of two or three 
and investigated how ant trails form and how factors affect 
the rate food is transferred to the nest. An analysis of stu-
dents’ worksheets showed that five out of the 12 groups 
noticed how increasing the ants’ randomness in motion 
increases their ability to find food; three groups saw a phase 
change in the system, when enough pheromone was dropped 
to form a stable path; and most of the groups shifted from 
single- to multi-step explanations. Students were asked to 
examine the effect of increased randomness in the ants’ 
motion on the collective foraging pattern. This is a chal-
lenging concept, as counterintuitively increasing the ants’ 
randomness in motion actually stabilizes the system. Two 
groups addressed this challenge, each holding an opposite 
view. One group saw that going in straight lines with no 
random “wiggle” resulted in less efficient foraging because 
“When the ant goes straight, they don’t have an option to 
find food in other directions, and that slows her down.” The 

Table 4  Classification of student concepts about what scientific models are used for, as derived from responses to question 1 (“what is a scien-
tific model?”) and question 2 (“what do scientists use models for?”)

Category Description Example

Represent Used to represent a scientific idea or experiment results “I think a scientific model is a model that represent and transfer 
knowledge related to a scientific topic.” (question 1, student #7, pre-
questionnaire)

Explain Used to explain a phenomenon or an idea “I think a scientific model is something (drawing, object etc.) that pre-
sents a certain phenomenon and explains it.” (question 1, student #13, 
post-questionnaire)

Investigate Used to investigate or explore a phenomenon “Scientists use models to see what effects what, what can happen 
(options) or to try to see what is happening.” (question 2, student #10, 
post-questionnaire)

Understand Used to understand a scientific idea or principle “Scientific model is something that demonstrates a certain phenomenon 
in order to develop understanding.” (question 1, student #3, post-
questionnaire)

Learn Used to learn scientific knowledge “[scientists use models] To answer people needs to investigate and learn 
new things.” (question 2, student #6, pre-questionnaire)

Predict Used to predict possible outcome of changes in a system “I think a scientific model is a tool for predicting or demonstrating a 
certain research.” (question 1, student #19, pre-questionnaire)
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other group thought that moving in straight lines was more 
efficient and would get them to the food piles faster. It is 
interesting to note that neither group shifted from the single 
ant’s efficiency in finding food to efficiency of the ants as 
a group.

One pair of students transitioned during the activity 
through three successively sophisticated explanations of 
the ants’ trail: (1) “[The more ants] the greater the rate of 
transferring food to the nest, until a certain limit,” the limit 
showing the idea of saturation; to a rich description of indi-
vidual ants’ behaviors: (2) “The ant comes out of the nest to 
share the food reservoir. She takes it and returns to the nest, 
while passing the ants who are still on the way and staying 
on the curving (zigzag) pheromone trail”; to a highly con-
nected micro- and macro-level explanation that combines 
several variables mechanistically and includes ideas of ran-
domness and critical mass: (3) “As the rate of pheromone 
release increases, more ants bring more food. When there is 
no pheromone, the ants behave randomly. As the number of 
ants goes up, so does the food increase their clustering into 
groups with the pheromone.” It is interesting to see their 
sophisticated interactive view of the food sources causing 
the ants to cluster.

Students were asked, before approaching the computa-
tional ABM model, what will happen to the rate at which 
food is transferred to the ant nest when there are more ants. 
All student groups answered that the rate of food transfer 
would increase. The other six groups that filled out the 
worksheet wrote intermittently, mostly as a result of limited 
time. Six groups focused on the number of ants transferring 
the food (“We think the rate of transferring the food to the 
nest would be much faster because if there are more ants, 
there are also more ants to bring the food”), and two groups 
focused on the ants not only transferring but also finding 
(foraging) for the food (“We think that the rate at which 
food is transferred to the nest would increase, because there 
would be more ants to move it, find new food and bring it to 
the nest”). One group thought there was a limit above which 
increasing the number of ants would not increase the rate of 
transfer, alluding to an unexplained saturation: “Faster when 
there are more ants, up to a limit.”

When asked to describe what is happening in the model, 
three groups responded. Each group saw very different 
things. They all saw the two distinct roles of finding food and 
transporting it. They all noted the pheromones emitted by 
the ants once they found food and headed home. From here, 
the descriptions diverged. One group ended the story at this 
point, ignoring the trail formation and its attraction for other 
ants: “When the ants find food, they magically know the 
way to their home and distribute pheromones on the way.” 
Another group noted that the pheromones attract more ants 
“…until an ant finds food, she then emits the pheromone that 

helps other ants find food….” The third group could see the 
whole process:

The ants leave the nest, and search for food. When they 
find, they emit pheromones, that cause more ants to 
leave the nest in the direction of the food - that’s where 
the pheromones were emitted. The ants take the food 
to the next, return and take more food, and so on… 
It’s important to note that the food the ants find first is 
closer to the next, and that’s why they finish it before 
they go to take food from the other sources.

Towards the end of the worksheet, students were asked to 
conclude from the activity. This item encouraged much writ-
ing, as the students tried to pull the different parts together, 
and at times rose above their previous conclusions. An exam-
ple of the first: “The rate at which pheromone is released… 
Their form of walking… and the number of ants.” An exam-
ple of abstraction happened for two groups who redefined 
the role of the food as causing the ants to coordinate their 
steps in foraging: “The more ants there were, the more the 
pheromones could help the ants become united by the food.” 
One pair saw the food as “crystallizing” groups: “As the 
number of ants increased, so did the number of pheromones 
and their clustering into groups by the food.” Two groups 
noticed phase change or a threshold in the system—that only 
having enough ants would make a trail happen: “… only 
above 60 ants, there was a path.”

To conclude, most groups shifted from simple to multi-
step and mechanistic explanations. Some began incorporat-
ing randomness into their descriptions as well as thresholds 
and phase change.

System Dynamics Modeling

In the SD modeling lesson, students engaged in using the 
online modeling tool SageModeler to build and revise their 
models and to investigate variables affecting the transfer rate 
of food from the environment to the ants’ nest. Since stu-
dents had only one lesson to learn how to use the modeling 
tool, to construct their models and to run a simulation, they 
were provided with a partially built model and were guided 
to connect several variables (“ant speed,” “number of ants,” 
and “pheromone evaporation rate”) to the node of “rate of 
food transfer” (see Fig. 3).

Eleven groups produced a final model at the end of the 
lesson (a total of 23 students), with one more group that 
produced a model but did not send a shared link to their 
model. All other eleven groups produced runnable mod-
els that included all initially given variables. Seven of the 
groups added additional variables that were not included 
in the original model, such as “Temperature” or “Distance 
from the nest.”
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Most groups were able to understand how to develop and 
use their SD models to investigate the factors influencing 
the rate of food transfer to the ants’ nest, as was evident in 
their final models that included all the given variables. For 
example, one group produced sophisticated models using 
SageModeler (Fig. 4). They identified the correct model 
question/goal: “Investigate what effect the amount of food 
in the ants’ nest and how.” All the provided variables were 
correctly connected to the main model and all relationships 
between variables were accurately defined. The explana-
tions for each relationship, as provided by the students in 
the explanation box, were causal and included some addi-
tional cause-and-effect elements. For example, to explain the 
decreasing effect of pheromone evaporation rate of rate of 
food transfer, students wrote: “When the pheromone evapo-
ration rate is higher, so is the ant trail more blurry/ unclear 
to the ants and it is more difficult for the ants to reach the 
food.” These students also included an additional variable 
to the model, “Temperature of the environment,” which had 
an increasing effect on the pheromone evaporation rate. This 
relationship was also explained with appropriate causal rea-
soning: “The higher the temperature, so does the pheromone 
particles diffusion in the air space increases in speed, and the 
evaporation rate increases.” Finally, these students were also 
able to run an initial simulation of their model, as seen by 
the line in the two stocks variables, “Amount of food in the 
environment” and “Amount of food in the nest.”

In the whole class discussion following the SageModeler 
activity, some students identified that the goal of the model 

was to investigate what are the factors influencing the rate 
of food transfer from the environment to the nest by the 
ants. They mentioned the dynamic nature of the model as 
manifested by the interaction between the variables (“There 
are all kinds of parameters [in the model] that are all con-
nected to each other and every parameter has some con-
nection to another one”). Several students also discussed 
the changeable and open nature of the tool, where they can 
add and change any variable they think of. Some students 
also mentioned the complexity of using the tool: that it took 
some practice to understand how it works and that running 
the simulation is not very visual. In the following section, 
a detailed example from the two focus groups is presented.

Students’ Conceptual Understanding and Metamodeling 
Knowledge

Results indicate that students’ knowledge about ant com-
munication developed during the lessons.

Conceptual Understanding About Ant Trail Formation 
and Communication

In response to the first question about ant trail formation, 
most students in the pre-questionnaire suggested that the 
trail is physically formed by the ants. However, in the post-
questionnaire, most students provided the correct answer, in 
which the ants that find the food source secrete a pheromone 
trail on its way back to the nest to recruit other ants (Fig. 5). 

Fig. 4  Example of one group’s SageModeler final model (translated from the Hebrew version). Red arrows represent an increasing effect; blue 
arrow represent a decreasing effect. Gray arrow represents the flow of food from the environment to the nest
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It is interesting to note that although several student groups 
described how ants recruit other ants to the food source by 
describing the location to them (similar to the bee’s dance) 
in their drawn models, this was not found in any of the stu-
dents’ written responses in the pre- or post-questionnaire. In 
response to the second question about ant communication, 
there was an increase in the percentage of students mention-
ing the secretion of pheromones, using antenna and physical 
contact following the enactment of the unit, while there was 
a decrease in the percentage of students mentioning com-
munication by gestures or motion (Fig. 6).

Students’ views about how the lessons helped them learn 
about ant communication by modeling were mostly posi-
tive. During the whole class summary discussion, students 

mentioned that all models they used helped them explain the 
phenomenon of ants transferring food to the nest. Students 
mentioned that using the different modeling tools helped 
them better understand the concepts related to ant behavior. 
For example, one student said, “This is how all of our mate-
rials should be taught. I was able to understand much more 
that I usually able to.” Another student added: “This [the 
models] allows us to understand the effect of one variable on 
another variable … It is much easier for me to learn like this 
and I feel I understood it.” Students noted that learning using 
the computers was an exciting experience for them, different 
from typical lessons, because of the visual and interactive 
nature of the tools. Students claimed that the computational 
tools allowed them to play around with the models, which 

Fig. 5  Classification and num-
ber of student responses to the 
question “How do ants create 
the trail?” (Number of student 
responses = 23)
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Fig. 6  Categories and per-
centage of student responses 
to the question “how do ants 
communicate?” (Number of 
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helped them to better understand the topic and was more 
enjoyable.

In her interview, the teacher supported these issues, men-
tioning that although some students faced difficulties when 
using the modeling tools, it is still a very important to com-
petence that should be integrated in science lessons. She also 
discussed the technical and logistical challenges she faces as 
a teacher in the school when it comes to using computers, 
since there are not many of them available and not enough 
staff can support her in using technology.

Metamodeling Knowledge About Models and Modeling

As seen in Fig. 7, the largest increase was in the percentage 
of students mentioning that models are tools used to investi-
gate and explore phenomena. There was a small decrease in 
the percentage of students mentioning that models are used 
to explain phenomena or that models are tools for learn-
ing new ideas in the post-unit questionnaire. No change was 
found in the percentage of students mentioning that models 
are used to understand the concepts that were learned.

In the whole class discussion, students pointed out that 
all the models included parameters that they could change, 
manipulate, and investigate. Students discussed some of the 
differences between the modeling tools: the complexity of 
each model, how well they can express their ideas, the visual 
and dynamic nature of each model, and how structured or 
open each model was.

Discussion 

This study describes the design and development of an 
innovative middle school curricular unit that integrates 
different modeling approaches to investigate complex phe-
nomena and provides results from an initial implemen-
tation of the unit in one classroom. The three modeling 
approaches—conceptual models, ABM, and SD—pro-
vided students with opportunities to share and test their 
ideas about ants’ collective behavior when forming the 
trail to transfer food to the nest and to investigate the fac-
tors that influence the efficiency of ant food foraging. 
Since only few studies have been conducted on design-
ing curricular materials that integrate different modeling 
approaches when investigating complex phenomena, this 
study provides insights about the advantages and limita-
tions of one such intervention that aims to promote stu-
dents’ conceptual understanding, system thinking, and 
modeling practice.

Three main design principles, based on the literature 
about models and modeling and design considerations for 
supporting students in software-based inquiry (Quintana 
et al., 2004), served as the basis for the unit design. While 
the first and third principles (engagement with several mod-
eling approaches and hourglass modeling sequence) were 
appropriately implemented in the classroom enactment, we 
found that students had limited experience with the second 
design principle (Explicit consideration of affordances and 
constraints of each modeling approach), mostly due to time 
limitations and the considerable efforts that were placed on 
learning each of the modeling tools. We suggest that teach-
ers should be directed to place more attention on the impact 

Fig. 7  Categories and per-
centage of student epistemic 
knowledge about what models 
are used for (Number of stu-
dents = 23)
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these discussions have on students’ modeling knowledge. 
Also, we suggest that future enactments of the ant commu-
nication will place more focus on the integration of the ABM 
and SD models, for example, by emphasizing that findings 
from ABM simulations should be considered and evaluated 
using the SD models.

Results indicated that students engaged with some core 
aspects of modeling practice, such as constructing, using, 
evaluating, and revising models, as recommended by 
Schwarz and colleagues (2009). In the lessons, students 
developed and revised their models and used them to run 
simulations to investigate the effect of several factors on 
the efficiency of ants’ tail formation. We hypothesize that 
the collaborative nature of the activities in the unit was an 
important factor that pushed students to fully engage with 
the modeling tools, since in all lessons, students worked in 
small groups to develop and use their models and shared 
their models with their peers to receive feedback. This aligns 
with the findings of Wilkerson-Jerde et al. (2015) regard-
ing the contribution of collaborative meaning-making when 
engaging in modeling with multiple representations. How-
ever, further investigation of students’ interactions when col-
laborating on their models is required to support this view 
and to gain more in-depth understanding of this process.

Students required technical and conceptual support when 
using the computational modeling tools, since this was a 
new practice for them and they did not have many opportuni-
ties to use such technology tools in school prior to the inter-
vention. As described by Wilkerson et al. (2018), students 
in our enactment successfully engaged in both the epistemic 
forms and the epistemic games that are necessary for mean-
ingful sense-making in each of the modeling approaches. 
Time was one of the main limiting factors during the les-
sons, resulting in limited opportunities to engage students in 
broader discussions about the affordances and constraints of 
each modeling approach. We believe that integrating several 
modeling approaches in one unit holds a strong promise to 
promote middle school students’ learning, provided they are 
given appropriate scaffolds and time to engage with each of 
the modeling approaches and to discuss the affordances and 
limitations of each.

We found that the students’ knowledge of ant communi-
cation increased following learning the unit. We also found 
some gains in students’ metamodeling knowledge about 
models as tools for investigating phenomena. However, 
no significant changes occurred in students’ perception of 
models as tools for explaining and predicting phenomena. 
The relatively minor changes in students’ metamodeling 
knowledge were expected, as previous studies indicated that 
changes in metamodeling knowledge require deep learning 
processes, and young students can demonstrate temporary 
changes in the metamodeling knowledge in specific situ-
ational context (Grosslight et al., 1991; Krell and Krüger, 

2017; Schwarz and White, 2005). These findings suggest 
that integrating different modeling approaches in one unit 
can elevate students’ learning of conceptual content knowl-
edge with some small effect on their metamodeling knowl-
edge. The limited progression in students’ metamodeling 
knowledge about the nature of scientific models was most 
likely due to the limited time they had to fully engage with 
the different models and to explicitly discuss the affordances 
and constraints of each modeling approach. Since these were 
key aspects of our design principles, it is suggested that 
students should be provided with sufficient time to engage 
with the modeling approaches and to include explicit discus-
sions about the advantages and limitations of each modeling 
approach.

Stroup and Wilensky (2014) suggested the “embedded 
complementarity” framework to bridge between reasoning 
through agent-based and system dynamics approaches to 
understand complex systems. They claim that both forms 
of reasoning share certain features, such as the dynamic 
description of a system, so that the timeline provides a 
shared representation. Eilam and Reisfeld (2017) further 
advanced the issue of integrating SD and ABM, showing 
that a year-long intervention with 9th grade students contrib-
uted to their content learning and understanding of complex 
systems. Similarly, Wilkerson-Jerde et al., (2015) stated that: 
“Generating drawings, animations, and simulations of a par-
ticular scientific phenomenon can engage learners with com-
plementary aspects of scientific modeling (such as model 
development, refinement, testing, and use) and disciplinary 
content.” (p. 399). We view our study as further support 
for promoting the pedagogy of integrating several modeling 
approaches when investigating complex systems, not only 
in the context of computational simulations but also as an 
approach that engages students in several modeling tools, 
including their own drawn conceptual models, in order to 
build their understanding of models and modeling.

This study has several limitations. First, it was carried out 
in one (honors) middle school classroom. Therefore, find-
ings should not be generalized to all middle school science 
classrooms and further studies are required to explore the 
reproducibility and generalizability of our findings. Second, 
the intervention was short and limited in scope. Also, the 
teacher in this study received limited amount of professional 
development time to prepare for teaching the unit and should 
be more involved in setting up the unit and lessons in order 
to adapt them to her specific classes. Therefore, future enact-
ments will include further in-depth examination of students’ 
modeling process and their engagement with the integra-
tion of the modeling approaches. We also plan to examine 
the possible impact of the specific modeling approaches 
sequence on students’ learning outcomes.

This study contributes to our understanding of how inte-
grating different modeling approaches can promote students’ 
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conceptual understanding and metamodeling knowledge. 
We identified several of the affordances and constraints that 
influence students’ engagement with the computational mod-
eling approaches as they investigate complex phenomena, 
which is important for curricula development and advancing 
students’ science learning.
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Appendix

Appendix 1. Description of Unit Lessons

The unit was designed based on the features of project-based 
learning curriculum (Krajcik and Blumenfeld 2005), starting 
by introducing students to the driving question (“How do 
ants create the trail to forage for food?”) and to the anchoring 
phenomena of ant trail. This was followed by student-cen-
tered collaborative investigations to explain the phenomenon 
and to answer the driving question using scientific practices 
(such as planning and carrying out investigations, develop-
ing and using models, engaging in argument from evidence), 
and producing artifacts in the form of drawn and computa-
tional models.

Lesson one. In the first lesson, students were introduced 
to the phenomena by watching a video of ants forming a trail 
to collect food. From this video, students were asked to write 
their observations and generate their own questions related 
to the phenomena. Following this, students in small groups 
drew a model to explain how ants collaborate to form the 
trail. Students were expected to come up with three main 
models: (i) centralized system where ants are directed by 
central agents to follow the trails, (ii) emergent system in 
which each ant follows the ant in front of it, and (iii) emer-
gent system where ants follow some signals in the path to 
the food source. After this, students planed an investigation 
to test each of the models by observing or manipulating ant 
trails they find in the outdoor environment. By the end of 
this lesson, based on their investigations, students figured 
out that ants mostly communicate using pheromones that 
are picked up by their antenna and that there is no central-
ized system that directs them where to go; it is rather a phe-
nomenon that emerges from a set of collective behavior and 
patterns that ants follow.

To align with design principles 1 and 2, this lesson con-
cluded with a discussion in which students were introduced 
to the modeling practice, focusing on the nature of models 
and modeling. From this discussion, students were directed 
to consider that each model has its advantages and limita-
tions and that different models can be used to investigate the 
same phenomena. The affordances and challenges of drawn 
models were discussed. This lesson aligns with the third 
design principles, since it started with an open model that 
allows students to come up with their own ideas to explain 
the ant trail formation. Only in the second lesson that stu-
dents were directed to focus on a specific set of factors that 
may influence the efficiency of food transport and phero-
mone communication.

Lesson two. After constructing their drawn conceptual mod-
els and discussing them, the students in the second lesson assem-
bled their own models and investigated the factors that impact 
the ants’ system. An adaptation of the ant model in NetLogo 
model (Wilensky 1999) provided blocks of computer code in 
the form of widgets where the student could choose among sev-
eral rules for the ants and the pheromones. This was not a full 
construction of the model, as it was based on limited choices, 
and because the students quickly centered on the correct model 
and explored it, rather than dealing with its structure. They also 
set different variables in the model, such as the number of ants. 
Students were given a printed guide that introduced the inter-
face and its tools and were provided questions that helped the 
students to focus on various processes in the model. The students 
then designed their own study and explored the model. Some 
of these challenges were designed to help students attend to the 
efficiency of food collection in different conditions.

In alignment with design principles 1 and 2, this lesson con-
cluded with a discussion about the affordance and challenges 
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of NetLogo and agent-based models in general. Students were 
directed to consider how this tool is similar and different from 
their drawn models in the previous lesson and how it can be used 
differently to investigate the phenomenon of ant trail formation.

Lesson three. In the third and final lesson, students were 
introduced to SageModeler, a system dynamics tool, where 
they were asked to revise a partially constructed model, to 
add additional variables, and to test the model based on their 
understandings and hypothesis. In the initial model provided 
to the students, the system included two accumulating stocks 
variables, “Amount of food in the environment” and “Amount 
of food in the nest,” connected by a flow variable, “Rate of food 
transfer.” This variable was pre-set to increase the transfer rate 
of food from the environment to the nest. In addition, the model 
included three independent variables that were not connected 
to the main model: “Ant speed,” “Number of ants,” and “Phero-
mone evaporation rate.” These were the main variables that were 
investigated by the students in the previous lesson using Net-
Logo. Also, the model included a text box that requires students 
to write the question or goal of the model.

In the SageModeler activity, after a short introduction to the 
modeling tool, students were asked to write the question or goal 
of the model in the text box. Then, they were asked to connect 
the three independent variables to the “Rate of food transfer 
from environment to the nest” variable and to write an explana-
tion to the type of relationship they defined between the varia-
bles in the relationship box. After this, students run a simulation 
and produce graphs that demonstrate the effect of changing the 
variables they added to the model on the amount of food in the 
nest and evaluated whether their model is correct and accurate. 
If it was not, they were directed to revise it and to run another 
simulation. At the final part of the activity, students could add 
other variables to the model that could affect the amount of food 
in the nest, such as temperature or distance between the nest 
and the food source. These variables were based on what they 
investigated in the previous lessons or on their prior knowledge, 
provided they have reasonable explanation or evidence. This les-
son aligned with design principle 3, as students were provided 
an opportunity to expand their model by adding new factors that 
may influence the phenomenon.

In the last part of the lesson, some of the student groups 
shared their models, and a whole class discussion took place 
to summarize and reflect on the models and the modeling tool. 
Students reflected on the unit itself in a whole class discussion. 
They discussed the affordances and limitations of the differ-
ent modeling tools and how each modeling tool can be used 
to investigate different aspects of the ant trail formation and 
pheromone communication phenomena. This discussion was 
very important, as it summarizes the experiences students had 
with each modeling approach (design principle 1) and provided 
an opportunity to explicitly address how in science, different 
modeling tools can be used to investigate phenomena, based on 

our understanding of the model affordances and what we are 
trying to model (design principle 2).
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