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Abstract
Research in Modeling-based Learning (MbL) in science has highlighted its value and significance
for science teaching and learning. Despite the abundance of research in the area, there is to date
limited research on MbL practices among novice modelers. In particular, there is no information
whether young (grades K-6), novice modelers follow the same modeling steps and practices of a
MbL enactment. The purpose of this study was to investigate whether the modeling steps and
practices, as described in MbL cycles in the literature, apply to K-6 students and if not, to describe
the alternative steps that these students follow. Our findings revealed that K-6 novice modelers
follow a different route when enacting MbL than the one described in the literature.
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1. Introduction
Modeling, which is defined as the process of developing representations of physical phenomena
[1], plays a central role in the formation and justification of new scientific knowledge [2; 3] and it
is a core activity of scientists’ daily work [4]. Models are constructed through the involvement in
the modeling process and seek to describe the underlying mechanism(s) that cause(s) the physical
phenomena. In this sense, models have an important role in science both for formulating
hypotheses to be tested and for describing phenomena [5]. Thus, science can be defined as the
process of constructing models of physical phenomena, which includes the development of explicit
representations that are analogous to the phenomena they represent, offering better ways to
visualize and understand a phenomenon under study). Therefore, it is not surprising that research in
science education acknowledges that models and modeling play a crucial role in the development
of scientific literacy [6; 7; 8; 9; 10] and can support educators’ ongoing efforts to introduce and
engage students in authentic scientific inquiry. Viewing teaching science from this perspective
provides a powerful approach that unites both the processes and the products of science [7].
Students’ involvement in the process of modeling and the reiterative nature of constructing and
refining models within a context, can achieve better learning outcomes. Modeling better supports
conceptual and operational understanding of the nature of science and develops the ability to
employ procedural and reasoning skills, than currently possible through other learning
environments or tools [11; 12]. Additionally, it encourages student discourse and engagement by
providing opportunities to think and talk scientifically about physical phenomena [13], to share,
discuss and critique their ideas [14; 15] and to reflect upon their own understanding [6; 16]. We
refer to this as the Modeling-based Learning (MbL) approach in science.
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Despite the great emphasis of research on MbL in science, which has highlighted its value and
significance for science teaching and learning, there is limited research on how students, especially
novice/young modelers engage in MbL. Most of the theoretical structures describing the MbL
process have been based primarily on the modeling work of scientists and on the theory and
philosophy of science, with no reference to detailed data relating to actual enactments of modeling
[e.g., 17]. While these descriptions may have been to some extent successful in describing expert
modelers’ MbL, it is not clear whether younger students follow these same steps or engage in other
modeling stages and practices not currently reflected in the MbL cycle. Such an insight is crucial
for understanding how MbL could be incorporated into educational practice, especially in early
grades [18]. From our recent work in MbL [19; 20; 21], we have seen evidence that provides a
reasonable basis for pursuing this issue further.

2. Theoretical framework
2.1. The Modeling-based Learning Cycle
The MbL process, widely known as the MbL cycle, as described by a number of researchers [1; 17;
22; 23; 24; 25; 26; 27], involves two phases: the model formulation and the model deployment.
During the model formulation phase students develop a model about a physical
phenomenon/system. They begin with the need to describe, predict and/or explain a physical
phenomenon, which then guides them through the Collection of observations and experiences step.
This involves the collection of experimental evidence and observations from the physical world.
Their explicit purpose is to identify the parts constituting the physical phenomenon (physical
objects, processes and entities), the processes that guide its operation and the interactions between
the various constituents. This step is followed by the Construction of the model step involving the
construction of a model of the phenomenon by integrating pieces of information about the
structure, the behavior, and the (causal) mechanism of the phenomenon.
After a model is constructed to what the students consider a satisfactory level, they initiate the
second phase, which consists of the deployment of their model in a new situation. In order to
identify new situations in which their models can be applied, they need to decontextualize the
constructed model and essentially reformulate it in a new context, in a way that enables them to
make testable predictions (Evaluation of the model step). In all cases, students need to test one part
of their model at a time, and evaluate it based on whether it can better describe or explain a given
situation. This process can provide feedback for improvements and additions of new physical
objects, processes and/or entities that are part of the physical system being studied (Revision of the
model step).
2.2. Modeling as a cyclical process
Students usually go through the formulation and deployment phases several times, in a process of a
step-by-step construction of the model from a simple to a more advanced level [28]. Complex
models in science are developed “through a process of successive elaboration and refinement in
which scientific models are created and modified to account for new phenomena that are uncovered
in exploring a domain” [27, p.7]. The resulting final models (as well as the comparison between the
initial models and the revised ones) may be used for evaluating students’ developing understanding
about the phenomenon under study, as well as the learning process itself. This evaluation may be
based on various criteria concerning the necessary components of models [20; 29], which include
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representation of physical objects, physical concepts (object characteristics and object states), and
their relationships.
2.3. MbL for novice modelers
Constructing models of physical phenomena that include analogical representations of the
mechanism underlying the phenomena is a complex task [30]. Consequently, young and novice
modelers encounter numerous challenges. Sins et al (2005) [30] provide a comprehensive summary
of the literature describing a number of MbL related difficulties concerning the task perception, the
content addressed, and the tools used.
Firstly, novice modelers tend to view a modeling task more as an engineering problem to solve,
rather than a scientific one. Instead of focusing on the representation of the causal mechanism
underlying the phenomenon under study, they focus on whether the model results in an output that
is closely related to how the phenomenon looks [19; 31]. This in turn pushes them into a process of
making adjustments to their model until the model output resembles the observed empirical data
[32; 33]. This leads students to develop, what Grosslight et al (1991) [11] named, a
phenomenological model; as Sins et al (2005) [30] state, the model becomes an artifact that has to
“work”, not something that provides explanatory power in understanding a phenomenon [32; 34].
Secondly, students have difficulties conceptualizing the complex phenomena. Especially so in
relation with the representation of physical entities involved in the phenomena that are usually
represented as variables and physical processes [30]. In complex physical processes even older,
more experienced modelers seem to consider the influences of individual variables separately [e.g.,
32; 33; 35], thus failing to represent or understand the connections and interactions between
physical entities and physical processes.
Thirdly, novice modelers face difficulties in using modeling means and language as a way of
representing their ideas. They find it challenging to express their ideas in a modeling formalism
because of their limited experience with the modeling tools and the modeling process and
epistemology itself [30]. For instance, students have difficulties in deciding the type of variable
they would like to implement into their model and students also frequently struggle to specify the
mathematical relationships between variables in the model [e.g., 36; 37; 38].
Research in Modeling-based Learning (MbL) in science has highlighted its value and significance
for science teaching and learning. Consequently, considerable evidence has been accumulated
about what comprises a model and a successful modeling-based learning enactment, which
modeling tools could be used, as well as the difficulties students encounter when engaged in MbL
science implementations (see [39] for a review). However, to date there is limited research on MbL
practices among novice modelers. In particular, there is no information whether young (grades K6), novice modelers follow the same modeling steps and practices of a MbL enactment. Such an
insight is crucial for understanding how MbL can be incorporated into educational practice,
especially in early grades ([40]. Our purpose in this study was to investigate whether the modeling
steps and practices, as described in MbL cycles in the literature, apply to K-6 students (novice
modelers) and if not, to identify the alternative steps that these students follow.
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3. Methods
While maintaining the epistemological foundations of the modeling practices involved in the
existing (dominant) MbL cycle, we followed ground research approaches [41] to revise the
descriptions of the MbL cycle practices/steps to apply to young, novice modelers. We collected
data from 4 classes of students, (two fifth-grade classes, comprising 33 students working in 10
groups; and two pre-K classes, comprising 41 students working in 11 groups). All students had
access to a variety of modeling media (computer-based programming environments, paper-andpencil, 3-dimensional materials) to construct models for the same physical phenomenon, namely
dissolving substances in water. Data collection took place over two semesters, during the first
semester we examined the fifth-grade groups and in the second semester the pre-K groups. The
duration of the study for each group varied between 3-5 weeks.
We used transcripts of student conversations and student constructed models as the primary data
sources. Student conversations were coded for modeling practices [11] (Table 1) and for activity
patterns [31] (Table 2) and each utterance was analyzed separately. All codes used were developed
during the Authors’ other studies over the past decade, following the same line of research
regarding MbL, and these were combined to provide a detailed picture of combined analyses.
Coding Categories
Description of the story of a
physical object or a physical
system
Description of experiences
/data in support of the story
of the physical system
Description of physical
processes conceptually

Code Description
Students talked about the overall story of a physical system or a physical object.
This usually involved descriptions about what would happen to the overall
physical system, without any reference to the mechanism that was actually
causing the overall phenomenon or the behavior of the object.
Students used experiences from the physical world to support their answers or
ideas in the conversation.

Students described a physical process (such as change in position, change in
velocity etc.) qualitatively, without any reference to the mechanism that was
actually responsible for causing the changes in the physical process.
Quantitatively
Students described a physical process (such as change in position, change in
velocity etc.) by using numerical examples. No reference was made about the
mechanism that was actually responsible for causing the changes in the physical
process.
Operationally defined
Students described a physical process (such as change in position, change in
velocity etc.) by describing a series of actions that would result in the physical
process.
Description of physical
Students described a physical entity (such as velocity, acceleration etc.)
entities
qualitatively, without any reference to the mechanism that was actually
conceptually
responsible for causing changes in the physical entity.
Quantitatively
Students described a physical process (such as velocity, acceleration etc) by using
numerical examples. No reference was made about the mechanism that was
actually responsible for causing changes in the physical entity.
Operationally defined
Students described a physical entity (of changes to a physical entity) (such as
velocity, acceleration etc.) by describing a series of actions that would result in
the physical entity (or the changes in the physical entity).
Table 1. Codes used for analysis of modeling practices, adopted from [19]

After analyzing all conversations from the 21 student groups, the three discourse analyses for each
student group were combined in a timeline graph that displayed students’ total work under
investigation. Figure 1 is an example of a timeline graph from a particular group of students. By
comparing and contrasting these timeline graphs (within and across age groups), we identified
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similarities in the code-revealing patterns. These subsequently guided the development of emerging
themes, which in turn ultimately directed our descriptions of the various steps of the MbL.
Activity patterns
Explore the modeling medium/materials
Construct the model (typing or drawing or gluing)
“Read”/describe the model
Make corrections to the model for depiction
Make corrections to the model for science
Make corrections to the model for fitting to their story
“Create” variables
Try out the model
Identify model flaws
Table 2. Codes used for analyzing student activities during MbL, adopted by [31]

To support the discourse analyses, we also collected the student-constructed models, which were
analyzed using a coding scheme developed elsewhere [20] (Table 3). The findings from this
analysis were added to the timeline graphs, aligning the analysis and timing of each model
construction to the graphs, so that these could support the initial data. Each author coded all data
independently and differences were resolved through discussion.
Category

Codes

1. Representation of
physical objects
2. Representation of
object characteristics
(physical entities)

1.1. Physical objects internal to the physical system
1.2. Physical objects external to the physical system
2.1. No representation of physical entities
2.2. Represented with a non-variable numerical value
2.3. Represented with both a variable & a non-variable numerical value
2.4. Represented with a variable
3. Representation of
3.1. Non-causal
object behaviors
3.2. Semi-causal
(physical processes)
3.3. Causal
Table 3. Codes used for analysis of student-constructed models adopted from [20]

4. Findings
Our findings revealed that K-6 novice modelers follow a different route when enacting MbL than
the one described in the MbL cycle in the literature. More specifically, we found that the content
and the context of the various modeling practices/steps differ, as well as the sequence in which
these modeling practices occur. Our findings also identified a four step MbL “cycle”, but this
differs from the one described in the literature. Below we provide a summary of our findings for
each step separately.
4.1. Step 1: Investigating the physical phenomenon
Our data suggest that the MbL “cycle” begins with students studying parts of the physical
phenomena. Figure 1 provides a timeline graph representing data analyzed form a group of
students. Despite the fact that literature suggests that modelers enter this step with the explicit
purpose of constructing a model to describe the physical system’s aspects and behavior, our data
suggest that this is not the case for novice modelers. In most student groups studied, such a specific
purpose transpires over time or after modeling experience. Moreover, prior experiences appear to
be a significant repository of data and information for students enacting MbL, with students
referring to their experiences to develop a model representing the phenomenon under study. The
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first step of the MbL cycle ends when students reach consensus about the story describing the
function, behavior and/or characteristics of the physical phenomenon under study.

Figure 1. Timeline graph of coded discourse for student group 4.

4.2. Step 2: Constructing a model of the phenomenon
Our data suggest that the construction step of the MbL “cycle” involves two different practices:
planning and development. Planning mostly consists of breaking down the studied phenomenon
into small pieces that can be incorporated into a model. In this sense, the process of planning is a
process of identifying parts of the phenomenon. This is a major difference from the existing MbL
cycle descriptions in the literature. In fact, our data suggest that this is probably one of the more
crucial aspects of modeling for novice modelers. The data suggest that novice modelers need to
start developing a model in order to realize that they need to look for the components, which
represent parts of the phenomenon.
The second practice in this step is the development of the model. This process looks like the
“writing and debugging” process of formal programming. Learners collect data and experiences,
they agree on a story describing the phenomenon under study, they identify the major components
of their models, they construct a model, they talk about it, they make small changes based on the
agreed story of the phenomenon, they talk about it more, and they make additional small changes
until they feel that this representation matches the story of the physical system they agreed on in the
previous step. This back-and-forth process is not a formal evaluation of the constructed model, but
rather a process of reaching the representation/model they agreed to construct initially. During this
step, students actually invent the physical object, the physical processes and the physical entities
comprising the phenomenon.
6

4.3. Step 3: Evaluating the model
When students feel that they have constructed a satisfactory model, they move towards a process of
formal evaluation. For novice modelers this process does not start automatically; rather the teacher
needs to initiate it. Our data show that learners compare their model to the actual phenomenon,
examining whether their model accurately represents the phenomenon under study and if their
model’s use explains how the phenomenon takes place. We have found limited data where novice
modelers deploy or decontextualize their model into a new situation or phenomenon in an effort to
evaluate its explanatory power, as suggested by the literature. Rather, we have found that the
process of model evaluation can take two major forms. First, learners use their model to see
whether it can explain the data they collected, or the experiences they recalled or used as a starting
point for the model’s construction. Second, they evaluate their model in terms of logic; that is
whether the model represents a plausible mechanism that can account for what is observed.
4.4. Step 4: Developing a revision plan
A major change from previous MbL cycles is that any revisions of the constructed model, resulting
during a particular modeling “cycle”, occur within the investigation and construction steps of the
following “cycle” of the modeling enactment. As a result, this eliminates the revising step as an
independent step in the MbL cycle. In our revised MbL cycle, revision becomes an epistemological
or a meta-modeling process, in which students decide which route is more appropriate to follow for
revising their model. Either they collect more data or discuss new experiences with the
phenomenon they have not previously talked about, prior to moving into the process of model
construction or they move directly to the construction step of the MbL cycle, as they have the
required data, observations or experiences to re-construct or alter their model. This is another
difference from the literature, as the students move from one cycle to the next, the development of a
revision plan step can lead them either to the investigating a physical phenomenon/system step or
directly to the constructing a model step.

5. Discussion
This study has been motivated by research’s acknowledgment that models and modeling play a
crucial role in the development of scientific literacy [5; 6; 7; 8; 9]. Even though research has placed
great emphasis on MbL in science [1; 17; 22; 23; 24; 27] there is limited research on how students,
especially novice/young modelers engage in MbL [19]. Starting primarily from theoretical
structures from the philosophy and theory of science, existing literature suggests that the modeling
process usually followed by expert modelers (e.g., scientists and engineers) involves a stimulus and
four discrete steps, namely Collection of observations and experiences, Construction of the model,
Evaluation of the model and Revision of the model, and that these follow a cyclical pattern [e.g., 1;
17].
While these steps may have been to some extent successful in describing expert modelers’ MbL,
the findings of this study show that novice/young modelers do not follow the same cyclical path
when enacting modeling. Findings that we report in this study suggest several deviations in the
content and the context of the various modeling steps from those found in the literature, although
they follow the epistemological premises of MbL in science. Deviations are also found in the
sequence in which these modeling practices occur. Based on these data, we propose a revised MbL
cycle for novice modelers that includes four MbL steps, namely (a) investigating the physical
phenomenon/system under study, (b) constructing a model of the phenomenon/system, (c)
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evaluating the model, and (d) developing a revision plan. These have been presented in detail in the
findings section.
The first major difference found from previous MbL steps [1; 17; 22; 23; 24; 27] is that any
revisions of the constructed model, arising during a particular modeling cycle, occur within the
investigation and construction steps of the following cycle of modeling enactment. As a result, the
revising step, as an independent step of the MbL cycle, is eliminated. In our revised MbL cycle this
revision related step/practice becomes an epistemological knowledge procedure. This is described
in the literature, as a process that involves meta-modeling knowledge [20], in which students decide
which route is more appropriate to follow for revising their model.
Furthermore, our findings suggest that analyzing happens within the constructing the model step of
the process, and not during the investigating step. Sins et al (2005) [30] describe analyzing as
involving decomposing the phenomenon under study into smaller parts, in addition to identifying
important model elements to be included in the model. This helps students to decide the type of
model to construct as well as to identify the variables and relations that need to be implemented in
their model [1; 17]. Our findings imply that most of the learning in MbL, including developing
understanding of how the phenomenon works by constructing representations of the phenomenon,
takes place during the constructing the model step. Of course, this does not undermine the role of
the remaining MbL steps.
As our data show, the constructing a model step is far more complex than we have thought thus far.
It appears that the construction of a model itself also includes processes, such as synthesizing which
involves inductive reasoning, and requires that students mentally bring the model’s
content/elements together in order for the model to take shape. This cognitive process takes place
during the actual construction of their models and seems to be supported by the context of model
construction [30].
A second difference arising from our findings is that MbL is not a cyclical process per se, but a
spiral one. Students seem to follow the cycle of investigating, constructing, evaluating and
developing a revision plan, but each consecutive modeling cycle deals with a different feature of
the physical phenomenon/system studied and modified models usually have more advanced
features than the previous models.
A third deviation from MbL cycles described in literature, which relates to the previous point, is
that as the students move spirally from one cycle to the next, the developing of a revision plan step
can lead students either to the investigating step or directly to the constructing a model step. In
many cases throughout the study we saw students bypass the investigating step, simply because
they felt that they already had information that could help them substantially revise their model.
An additional feature of the modeling discourse, which was somewhat neglected in previous
studies, is that we have seen students engage in the cognitive process of reasoning more actively
during the whole class evaluating step. During this step, we have provided data that show students
reason on the model elements that are or need to be included in their models, and how these should
interact with each other, in order for models to behave in a certain way. This concurs with findings
from prior research [e.g., 30]. This process includes detailed elaboration on the relationships
between the model structure and the behavior of the phenomenon being modeled.
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Our findings also revealed that this latter feature of the modeling discourse relates to the modeling
media used. Although, in this study we have seen similar discourse and artifact patterns in both age
groups (while using different modeling media), we feel – and we agree with previous literature [13;
21; 27; 31; 33] - that computer-based modeling tools enable students to construct better and more
advanced models of physical phenomena, which include causal mechanisms and physical entities,
than other non-dynamic modeling tools (e.g., paper and pencil). The fact that the fifth graders felt
the need to switch modeling means is further support in favor of this argument. That K students did
not include any physical entities in their models (in both motion and plant units) might relate to the
modeling means or of course, the absence of physical entities from the K students’ models might
relate to the students’ age (maturity level). Needless to say, this needs to be further investigated in
the future.

References
[1] Hestenes, D. (1992). Modeling games in the Newtonian World. American Journal of Physics, 60(8): 732-748.
[2] Halloun, I. (2006). Modeling theory in science education. Dordrecht: Kluwer.
[3] Koponen, I.T. (2007). Models and modelling in physics education: A critical re-analysis of philosophical
underpinnings and suggestions for revisions. Science & Education, 16(7-8), 751 773.
[4] Fretz, E. B., Wu, H. K., Zhang, B., Davis, E. A., Krajcik, J. S., & Soloway, E. (2002). An investigation of software
scaffolds supporting modeling practices. Research in Science Education, 32(4), 567-589.
[5] Gilbert, J.K. (1995). The role of models and modelling in some narratives in science learning. Presented at the
Annual Meeting of the American Educational Research Association, April 18 22. San Francisco, CA.
[6] Gilbert, J. K., Boulter, C., & Rutherford, M. (1998). Models in explanations, Part 1: Horses for courses?.
International Journal of Science Education, 20(1), 83-97.
[7] Gilbert, S.W. (1991). Model building and a definition of science. Journal of Research in Science Teaching, 28, 7379.
[8] Linn, M. (2003). Technology and science education: Starting points, research programs, and trends. International
Journal of Science Education 25, no. 6: 727–58.
[9] Linn, M. C., & Muilenburg, L. (1996). Creating lifelong science learners: What models form a firm foundation?.
Educational Researcher, 25(5), 18-24.
[11] Grosslight, L., Unger, C., Jay, E., & Smith, C. L. (1991). Understanding models and their use in science:
Conceptions of middle and high school students and experts. JRST, 28(9), 799-822.
[12] Harrison, A. G., & Treagust, D. F. (1996). Secondary students' mental models of atoms and molecules:
Implications for teaching chemistry. Science education, 80(5), 509-534.
[13] Penner, D. E. (2001). Cognition, computers, and synthetic science: Building knowledge and meaning through
modeling. Review of Research in Education, 25, 1 – 36.
[14] Devi, R., Tiberghien, A., Baker, M., & Brna, P. (1996). Modelling students' construction of energy models in
physics. Instructional Science, 24(4), 259-293.
[15] Rouwette, E. A., Vennix, J. A., & Thijssen, C. M. (2000). Group model building: A decision room approach.
Simulation & Gaming, 31(3), 359-379.
[16] Jonassen, D., Strobel, J., & Gottdenker, J. (2005). Model building for conceptual change. Interactive Learning
Environments, 13(1-2), 15-37.
[17] Constantinou, C. P. (1999). The Cocoa microworld as an environment for modeling physical phenomena.
International Journal of Continuing Education and Life-Long Learning, 8 (2), 65-83.
[18] Schwarz, C. V., & Gwekwerere, Y. N. (2007). Using a guided inquiry and modeling instructional framework
(EIMA) to support preservice K-‐8 science teaching. Science Education, 91(1), 158-186.
[19] Louca, T. L., Zacharia, C. Z., & Constantinou, P. C. (2011). In Quest of Productive Modeling-Based Learning
Discourse in Elementary School Science. Journal of Research in Science Teaching, 48(8), 919-951.
[20] Louca, T. L., Zacharia, Z., Michael, M., & Constantinou, P. C. (2011). Objects, entities, behaviors and interactions:
A typology of student-constructed computer-based models of physical phenomena. Journal of Educational
Computing Research, 44(2), 173-201.
[21] Louca, T.L. & Zacharia, C. Z. (2012). Modeling-based Learning in Science Education: A Review. Educational
Review, 64(1), 471-492.
[22] Hestenes, D. (1997). Modeling methodology for physics teachers. In E.F. Redish & J.S. Rigden (eds.), The
changing role of physics departments in modern universities: Proceedings of International Conference on
Undergraduate Physics Education (p. 935-957). New York, NY: The American Institute of Physics.

9

[23] Lehrer, R., & Schauble, L. (2006). Scientific thinking and scientific literacy: Supporting development in learning
in context. In W. Damon, R. M. Lerner, K. A. Renninger, & I. E. Sigel (eds.), Handbook of Child Psychology, 6th
ed. (vol. 4) (pp. 153-196). Hoboken, NJ: John Wiley & Sons.
[24] Lesh, R., Hoover, M., Hole, B., Kelly, A., & Post, T. (2000). Principles for developing thought revealing activities
for students and teachers. In A. Kelly & R. Lesh (eds.), The handbook of research design in mathematics and
science education, (pp. 591–646). Mahwah, NJ: Lawrence Erlbaum Associates.
[25] Maia, P.F., and R. Justi. (2009). Learning of chemical equilibrium through modelling-based teaching. International
Journal of Science Education 31, no. 5: 603–30.
[26] Metcalf, S. J., Krajcik, J., & Soloway, E. (2000). Model-It: A design retrospective. In M. Jacobson & R. B. Kozma
(eds.), Innovations in science and mathematics education: Advanced designs for technologies in learning (pp. 77–
116). Mahwah, NJ: Lawrence Erlbaum Associates.
[27] Windschitl, M., Thompson, J. & Braaten, M. (2008). Beyond the Scientific Method: Model-Based Inquiry as a
New Paradigm of Preference for School Science Investigations. Science Education, 92: 941 – 967.
[29] Boohan, R., and T. Brosnan. (1994). Reasoning with a quantitative modeling tool. In Learning with artificial
worlds: Computer based modeling in the curriculum, ed. H. Mellar, J. Bliss, R. Boohan, J. Ogborn, and C.
Tompsett, 59–67. Bristol, PA: The Falmer Press, Taylor and Francis.
[29] White, B. Y., & Frederiksen, J. R. (1998). Inquiry, modeling, and metacognition: Making science accessible to all
students. Cognition and instruction, 16(1), 3-118.
[30] Sins, P., Savelsbergh, & W.R. van Joolingen. (2005). The difficult process of scientific modeling: An analysis of
novices’ reasoning during computer-based modeling. International Journal of Science Education, 27(14):1695–721.
[31] Louca, T. L. & Zacharia, C. Z. (2008). The use of computer-based programming environments as computer
modeling tools in early science education: the cases of textual and graphical program languages. International
Journal of Science Education, 30 (3), 1-37.
[32] Hogan, K., & Thomas, D. (2001). Cognitive comparisons of students_ systems modeling in ecology. Journal of
Science Education and Technology, 10, 319–344.
[33] Stratford, S. J., Krajcik, J., & Soloway, E. (1998). Secondary students’ dynamic modeling processes: Analysing,
reasoning about, synthesizing, and testing models of stream ecosystems. Journal of Science Education and
Technology, 7(3), 215–234.
[34] Bliss, J., and H. Sakonides. 1994. Reasoning with a qualitative modeling tool. In Learning with artificial worlds:
Computer based modeling in the curriculum, ed. H. Mellar, J. Bliss, R. Boohan, J. Ogborn, and C. Tompsett, 153–
61. Bristol, PA: The Falmer Press, Taylor and Francis.
[35] Kainz, D., & Ossimitz, G. (2002). Can students learn stock-flow-thinking? An empirical investigation. In
Proceedings of the 20th International Conference of the System Dynamics Society.
[36] Cox, M., & Webb, M. (1994). In H. Mellar, J. Bliss, R. Boohan, J. Ogborn, & C. Thompsett (Eds.), Learning with
artificial worlds: Computer based modelling in the curriculum (pp. 188–198). London: The Falmer Press.
[37] Ossimitz, G. (2002, May). Stock-flow-thinking and reading stock-flow-related graphs: An empirical investigation
in dynamic thinking abilities. In Proceedings of the 2002 International System Dynamics Conference.
[38] Sweeney, L. B., & Sterman, J. D. (2000). Bathtub dynamics: initial results of a systems thinking inventory. System
Dynamics Review, 16(4), 249-286.
[39] Wu, Hsin-Kai (2010). Modelling a Complex System: Using novice-expert analysis for developing an effective
technology-enhanced learning environment. International Journal of Science Education, 32(2), 195 – 219.
[40] Schwarz, C.V. & Gwekwerere Y.N. (2007). Using a guided inquiry and modeling instructional framework
(EIMA) to support preservice K-8 science teaching. Science Education, 91(1), 158-187.
[41] Strauss, A., & Corbin, J. (1998). Basics of qualitative research. Techniques and procedures for developing
grounded theory. Thousand Oaks, CA: SAGE Publications.

10

