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Detailed description of the research program	Comment by Editor/Reviewer: General Comments
Overall, this is a very interesting proposal to read. It seems well thought out and innovative. And its impact is potentially significant. Congrats! I hope you find my comments helpful.
1. Initial word count is 6540. Edited word count is 6376.
2. My approach was to first review the proposal without reading any reviewer comments to look at the structure, content and style and other generic aspects. I then looked at the reviewer comments. I will discuss these in Reviewer Comments. 3. I have altered some text to read as first person rather than second and third person as written. Over time, first person has become the trend in writing manuscripts and grants. One advantage of first person is that it clarifies what you are proposing versus to what is known in the literature. Grants are actually a combination of first person and third person because third person is useful to describe methods and some other technical details. Plus, a grant written only in first person or only in third person can be tedious to read. 
4. Throughout, I have tried to compact the writing for clarity and to provide space for new text. Please read carefully to ensure I have not altered any intent. For clarity, I also separated some compound sentences into single sentences and removed words or phrases that seemed redundant. 
5. In the Intro, I highlighted in yellow all instances where you are actually proposing something introduction. This seems a bit unusual for the organization of a proposal. For overall organization and clarity for reviewers, I relocated most of those statements to the end of paragraphs. This will make it more obvious what you are planning to do and what tools you will use.
6. The Preliminary Results is rather long and can feel cumbersome to read and absorb. I suggest adding in two to three subheadings to separate the sections. Please see my comments in the margins. 
7. I suggest moving or restating parts of the Gaps in Research section to the end of the Preliminary Results as a transition to the Research Objectives. This will frame the questions being addressed in Research Objectives. Please note the comments at the appropriate lines.  
8. Overall, as a friendly reviewer, I would ask what is being proposed that is new and warrants an additional two years of funding? Placing Preliminary Results prior to the Research Objectives led to some of my confusion. The grant results are presented followed by the proposal objectives. This tends to intermingle the objectives of the existing grant with the objectives of the new proposal. I suggest emphasizing at every opportunity that the hypotheses and proposed objectives are derived from the existing grant results. Thus, the objectives proposed are new (or mostly new), even if they are addressed using methodology you have begun to develop through the three years of grant funding.  Furthermore, I suggest that your new hypotheses and objectives be derived from the results of the funded grant. To achieve these new goals you will require two years of additional funding. I suggested in the margins where such clarity may be helpful for reviewers. I think this strategy is important. If reviewers are not clear on what is new, they may conclude that you are proposing two more of years of funding for what was already funded for three, which seems unlikely to succeed.

Making Learning Durable:	Comment by Editor/Reviewer: Reviewer Comments
Most of the reviewers recognized this proposal is innovating and the PI is highly competent. The significant comments were that the Experimental Plan lacks some specific detail. As the expert, the technical details are yours to address, but I can make suggestions. 
1. Making room for more details. Overall, the most extensive section is the Preliminary data. There is a lot of discussion of the MMM programming. To make room for more detail in the Experimental Plan, I suggest trying to reduce the MMM discussion (lines 120 - 200). It is a well developed system, so it seems you can explain the highlights and utility with less detail. This will provide more space for Research Plan details as noted by reviewers 2 (teachers) and 3 (implementation, pedagogy, teacher development). Trying to shorten this section by two paragraphs would provide you will almost a page when combined with the space I created. 
3. I suggest that reviewer comments, especially reviewer 2 can be addressed by adding text, additional points in Research Instruments (line 337) and Procedures (line 361). 
3. The reviewers seem to understand that the proposal covers two more years and what will be gained. However, I found it difficult on first reading to understand what was learned from the funded grant that led to new hypotheses and objectives for two additional years of funding. For example, Studies 1 and 2 (line 297) seem like short term studies that would have been done as part the work already funded. To address, this I make suggestions in the margins to clarify what is new being proposed. Maybe this will not be an issue if you are reviewed again by these reviewers. However, I want you to be successful by pointing out any potential issues as a friendly reviewer.
Long-term pathways of modeling-based learning about complex systems in science

Scientific Background	Comment by Editor/Reviewer: 1. I suggest that your opening sentences provide a description of the problems being addressed. Then you may briefly state what your plan is. Reviewers will then see the questions and proposed approach immediately. 
2. I have re-arranged this paragraph as an example. Note that the first sentence states the problem. The middle sentence. states the plan. The last sentence introduces the Background sections. The text I added is to demonstrate the concept. The actual text and ideas are for you to determine of course.  
3. Please note that some of the sentences are now in first person.
Although much attention has been focused on science learning, research on long-term model-based learning using prebuilt or new models is lacking. WeThe proposeject to investigates the  long-term processes of long-term scientific learning. Our approach combines through an approach that integrates  scientific modeling activities and increased conceptual integration of scientific concepts in middle school. To facilitate the study, we will use our computational modeling tool kit that takes advantage of  into science learning experiences in middle school, while increasing conceptual integration among concepts in science. the Complexity and computational similarity of complex among systems in chemistry and physicscs underlies the design of the computational modeling toolkit. Previous studies have examinedThe scientific background presents  long-term and long-term study of learning in science, learning about complex systems, and learning by modeling (LbM).
Long-term Studies of Model-based Learning and of Learning in Science
We identified long-term studies in general science education and specific studies regarding student understanding of systems. However, we found nNo research about  was found regarding long-term model-based learning, in any form of interaction, that exploreding prebuilt models or constructeding new ones. Long-term studies in science education in general, and specifically, regarding student’s understanding of systems are presented. 	Comment by Editor/Reviewer: Did I maintain your intent? 	Comment by Editor/Reviewer: I suggest bolding or italicizing this sentence for emphasis. This is an important justification for the proposal. 	Comment by Editor/Reviewer: Did I maintain your intent? 
Long-term projects (of up to a year) include the following. Elementary students’ science learning during five months was compared tofor constructivist and traditional teaching approaches,.  Tfinding that the first teaching approach resulted in better learning outcomes, increased metacognitive engagement, and the use of information processing strategies (Wu & Tsai, 2005). Eilam and Reiter (2014) explored ninth-grade students learning by ninth-grade genetics studentsof genetics over onea year and compared two teaching methods, s, self-regulated learning and teacher-controlled learning. Tg, finding that the  self-regulatedfirst group outperformed the teacher-controlled groupsecond. In addition, the self-regulated , and that these students gradually became aware of their learning processes and  were able to appliedy appropriate strategies to regulate their learning. 	Comment by Editor/Reviewer: This sentence seems more like a subheading. I suggest underlining this and later first sentences for clarity. 	Comment by Editor/Reviewer: constructivist?
Longer-term research projects (more than one year) in science education include the following. P Young preschool children’s science learning was examined over 1.5 years and related to their interactions with their teachers (van der Steen et al., 2019). HIt was found that the higher-scoring children in science learning had more variable and adaptable interactions with their teachers compared to a control group. Novak and Musonda (1991) investigated students’ concepts in science over 12twelve years, followingafter they had participationed in audio-tutorial science lessons in first or second grade. These students were and compared to thosethem with students who did not participate in this type of learning. They found that the experimental group had more valid concepts and fewerless misconceptions than the comparison group. Lofgren & Hellden (2009) researched students forduring a period of tenten years, starting inwith second grade, when they , when they learnedwere instructed aboutregarding the particulate nature of matter. However, f, finding that few of these students continued to use such concepts as they grew older. Bamberger and Tal (2008) investigated the long-term effects of a single science museum visit by interviewing students right after a visit and 16 months later. The studentsr, finding that they had retained details of the experience, appreciated the contribution of the visit to their understanding, and highlighted the social interactions that took place.	Comment by Editor/Reviewer: I suggest subheading. “Up to one year” OK? 	Comment by Editor/Reviewer: I suggest that “young preschool” children seems redundant. 
The only previous longitudinal research into students’ understanding of complex systems wais the work of by Snapir et al., (2017). They, which explored students’ concepts of the human body along four-timefour  pointstime-points in their high-school education, focusing on its systemic character. Snapir et al. used Using a systems framework named Components-Mechanisms-Phenomena (Hmelo-Silver et al., 2016). They found they found that for the three categories, students gradually increased their understanding of the three categories, especially atfor the micro-level forin the system and for mechanisms.	Comment by Editor/Reviewer: Did I maintain your intent?
To summarize, we found that long-term studies in science education are rarefar and few between. Only o; there is only one research study  that focuseds on students’students’ long-term understanding of complex systems,, and  none investigated student modeling in science learning.  none on students’ modeling.	Comment by Editor/Reviewer: “far and few between” seems like jargon. I suggest “rare”. 
Learning about Complex Systems
OurThis proposalject seeks to explore and advance systems thinking., This form of reasoning is vital for learning due to the systemic nature of many of the world’sworld’s central problems, a form of reasoning that is today viewed as vital to learning (Wilensky & Papert, 2010; Chen & Stroup, 1993; Jacobson & Wilensky, 2006; Assaraf & Orion, 2005). Complex systems are composedmade up of many interacting elements that, which interact, self-organizeing into coherent global patterns (Forrester, 1968, Epstein & Axtell,1996; Holland, 1998; Wolfram, 2002; Strogatz, 2003; Bar-Yam, 2003). The field of complex systems has developed enormously in the past three decades, contributing to our understanding of a wide range of systemic phenomena across  the disciplines (Barabasi & Bonabeau, 2003; Nicholis & Prigogine, 1989; Turchin, 2003). The field It has also providesed a framework for representing and comprehending and representing the structure and dynamics of complex systems, of system resulting ins, which generates higher-orderglobal patterns from local behaviors and interactions. For our proposal, we take advantage of tThis powerful framework is framework’s wide applicability as presents a widely applicable powerful paradigm for interpreting systems and is used in the current project. 	Comment by Editor/Reviewer: I split this first compound sentence to provide an impactful first sentence about your objective. 	Comment by Editor/Reviewer: Such as? This is an extensive field. For reader clarity, I suggest providing a few explicit examples of the problems or phenomena you are referring to. Are they natural or synthetic? weather? biological systems? geological? financial systems? transportation?   
 	Comment by Editor/Reviewer: phenomena? 	Comment by Editor/Reviewer: “global pattern” seems a bit ambiguous.  Do you mean “coherent higher-order patterns”? 	Comment by Editor/Reviewer: Did I preserve your intent? 	Comment by Editor/Reviewer: Again, I suggest emphasizing this sentence are it indicates your scientific approach. 	Comment by Editor/Reviewer: robust?
Complex systems challenge our understanding, as Multipleseveral biases sway peoples’people’s reasoning, such as : the assumption ofassuming central control (Resnick, 1994), confusion among levels (Wilensky & Resnick, 1999), fixation a fixing in on  the systemm’s structure at the expense of function and mechanism (Hmelo-Silver & Pfeffer, 2004), and a  tendency to view of causal relations asas a consecutive chains of causes and effects rather than parallel concurrent interactions (Chi, 2005). Moreover, when the micro- and macro-levels are dissimilar, concepts are difficult to grasp and comprehend (Samon & Levy, 2017). Understanding complex systems addresses these biases and These difficulties point to the importance of educational support in making sense of systems. 	Comment by Editor/Reviewer: I suggest that “parallel” and “concurrent” seems redundant. 	Comment by Editor/Reviewer: 1. I suggest moving this sentence to the end of the paragraph to summarize your points.
2. Did I maintain your intent?  
Several innovative learning environments werehave been designed to help people overcome these biases and understand complex systems, such as constructing and exploring computer models (Blikstein & Wilensky, 2009; Guo et al., 2016; Hashem & Mioduser, 2011, 2013; Levy & Mioduser, 2010; Levy & Wilensky, 2009ab; Louca, Zacharia, Michael & Constantinou, 2011; Sengupta & Wilensky, 2009; Wilensky & Reisman, 2006; Wilensky & Resnick, 1999; Wilkerson-Jerde, Gravel & Macrander, 2015) and participating in role-playing simulations (Colella, 2000; Klopfer et al., 2005; Levy, 2017). Our proposal will The project supports students learning of complex systemsity by constructing and exploring computer models. We will then  of systems and studyies studenttheir reasoning fromthrough a complexity perspective.	Comment by Editor/Reviewer: comprehension? 
Learning by ModelingLbM in Science	Comment by Editor/Reviewer: LbM defined in paragraph 1. 
Computational modeling is a one of the categoryies of computational thinking (Weintrop et al., 2016) that). Computational thinking has was recently  become established as central fort o people’s understanding a of the worldwideworld regarding a wide range of practices and domains (Wing, 2006). In recent years, tThe meaning of computational thinking hasis evolveding fromsince its start as thinking processes related to computational problem solving, abstraction, pattern finding, algorithm construction, and decomposition towards  and has taken a broader view of complex systems beyond computer science in recent years. In From the perspective of science education, the STEM education standardsand, the Next Generation Science Standards (NGSS Lead States, 2013), highlights eights core practices, one of which is M“mathematics and Ccomputational Tthinking (CT)”. The growing consensus isThere is a growing consensus among some researchers in the field that CT includes important computation-related competenciescompetences applicable inthat are used in a variety of professional and academic settings, such as data science and simulation (Weintrop et al., 2016). As a result, several studies in educational STEM address the impact of integrating CT into learning within the STEM domains. This broader definition is becomes more relevant when the learning focusesprocess focuses on improvingenhancing  both CT and conceptual understanding bythrough computational modeling of complex systems. As a result, several studies in educational STEM have addressed the impact of CT on learning within the STEM domains , the focus of the present study (Basu et al., 2014; Zhang & Biswas, 2019; Guzdial, 2008; Hambrusch et al., 2009; Blikstein and Wilensky, 2009; diSessa 2000; Kaput, 1994; Pei, Weintrop, & Wilensky, 2018). We propose to study the integration of CT into STEM using model construction as a core activity. 	Comment by Editor/Reviewer: I suggest just capitalizing the practice rather than quotation marks because it the name of a practice. 	Comment by Editor/Reviewer: 1. Please read these edits carefully. I rearranged the two sentences so that the citations now align with the sentence discussing the cited publications. 
2. Please note that the text referring to the current proposal is now a separate last sentence for clarity. As written, the statement immediately preceded the referenced citation which seemed confusing. 
3. The concept of using models (line 86) was incorporated into this last sentence (line 84) and will introduce the next paragraph. 
Constructing models is a core activity in this project. Central researchers studyinginto modeling in science education have defined models as “"… a representation of a phenomenon initially produced for  specific purpose”" (Gilbert, Boulter & Elmer, 2000). AModel construction simplifies the phenomenon can be simplified by model construction of interest based on its the goal or future usee or the goa and l of the model; and can serve as an explanatory tool (Gobert & Buckley, 2000). There are sSeveral approaches tofor modeling complex systems in science education have been introduced (Wilensky & Resnick, 1999; Mandinach & Cline, 1994; Assaraf, Dodick, & Tripto, 2013; Eilam & Poyas, 2010; Liu & Hmelo-Silver, 2009). In this study we adopt the agent-based modeling approach (ABM) for modeling complex systems which relies on The agent-based modeling approach (ABM)complexity theory (Bar-Yam, 2003). The ABM approach relies on complexity theory and represents systems through their participating entities, assigning them behaviors and interactions.  Running the Ssimulations permit has these entities to act and interact, resulting in t. As a result, an emergent collective pattern can arisinge bottom-up. We propose to utilizeselected this viewpoint in the present researchABM to model complex systems because it promotes of its generativity both in science and assists  in helsping students in relatinge micro and macro levels (Wilensky & Resnick, 1999; Levy & Wilensky, 2009).	Comment by Editor/Reviewer: key researchers?	Comment by Editor/Reviewer: bottom-up seems like jargon. arising from micro to macro levels?  micro to higher-order levels? Top-down is also mentioned later. 	Comment by Editor/Reviewer: I suggest that ABM is defined and its usage will simplify the text for reviewers. 	Comment by Editor/Reviewer: 1. Did I preserved your intent?
2. Is “generatively” common usage in the field? It is a rarely used word. Perhaps promoted productively or promotes creativity? 

In schools, cThe act of constructing models is less common rather than exploring models, is a less common practice in schoolsbecause building models, as it requires significants much early-stage supportt at early stages. Model construction may be discouraged One might be warded off because of for several reasons, such as the difficulty and time needed to  in learning and teaching programming , the added time needed for this learning and the question ofthe ability of whether students tocould represent complex phenomena and reason about them. Constructionist research (Constructionism, 1991; Papert, 1980; Sherin, diSessa & Hammer, 1993; Ackermann, 1996; Kafai, Ching & Marshall, 1997; Kafai, 2006) has demonstrated richly expressive forms for constructing computational models with computation.
The proposed project uses a visual block-based programming interface	Comment by Editor/Reviewer: Seems like an error, plus there is no reference. Author names? Novak and Musanda? 
. The advent of block-based programming  has circumventsted the problem of learning text-based programming and making it more accessible to younger students in more conventional settings (Weintrop & Wilensky, 2017). Block-based programming has providesd access to younger students in conventional settings due to its visual features. The program resembles a puzzle with in the way the blocks that fit and ““lock”” together. However, block-based programming permits free-form assembly, unlike adifferent from a puzzle with athat has a single complete picture, this is a free-form assembly. The visual nature of the blocks, the graphic symbols, and the immediate scaffolds provided bythat the platform provides helphelp students to quickly quickly understand thehow to use of these blocks. Thus, we propose to use a visual block-based programming interface for our studies of LbM in science learning. 
An Introduction to the project via the Preliminary Results
To provide a clear background and context to this proposal, we have placed our PPreliminary Rresults beforeare the Objectives and Significance moved earlier in the research program, as they provide a good setting and introduction to the present research proposal. Moreover, the design of the proposed learning environment  in the proposal and the related technology is retainedare from our previous grant the same to reduce repetition and improve clarity. , so that the description here will suffice and will not repeat.	Comment by Editor/Reviewer: I tried to clarify these sentences by suggesting these edits. Have I preserved your intent? 
This proposal follows in the footsteps of an ongoing research project now in its last year, ““Much.Matter.in.Motion: Learning science through building models of complex systems”” (ISF grant #1205/18). WeThe project investigated athe conceptual framework for learning known as, Much.Matter.in.Motion (MMM).  OurThe goal waof the framework is to integrate CT and modeling practices into learning experiences in middle school science courses, while increasing conceptual integration. During theis project, our theoretical, the framework which was theoretical at the start, was gradually developed into applications that were needed toto explore the its feasibility and contribution of the framework to science learning.	Comment by Editor/Reviewer: As a friendly reviewer, I suggest that rather than saying the proposal is an extension of a previous grant,  you want to engage reviewers with what’s new. For example, as a second sentence in the paragraph at line 116, “Our proposal will capitalize on and greatly expand the scope of our existing grant (ISF grant #) now in its last year to gather in-depth long-term data and apply this to the development of a highly practical and impactful approach to science teaching”.  This is just an example of a more forward looking statement of what are proposing. The text content should be your own. Does this make sense?  	Comment by Editor/Reviewer: extends? builds upon? 	Comment by Editor/Reviewer: I suggest that integrating into learning experiences in courses is redundant with integrating into courses. 
The MMM framework	Comment by Editor/Reviewer: I suggest subheading to break up the Preliminary Results section which is relatively long. I noted this in General Comments and will make additional subheading as examples.  
O urThe MMM framework focuses on learning by modeling (LbM to understand) complex systems. This form of learning iis s viewed as powerful becauseas it engages with students’students’ personal representations, their processes forof translating representationsthem into computational objects, and the externaliexternalization ofzing these concepts into visual and dynamic representations., which present feedback. This framework results in potent feedback that is potent due to its being dynamic, visual, and immediate. As such, the feedbackit spurs evaluation, debugging, and revision processes.  An important component is Tthe social setting of the classroom is an important component because, where students canstudents present their work informally and formally. Students can , shareing the products of their thoughts processes and, compareing, discussing, and possibly reviseing their models further. 	Comment by Editor/Reviewer: Did I preserve your intent?
OLbM in urthe project LbM is based on constructionist theory that which promotes learning by building and sharing personally meaningful objects (Papert, 1980). LbM complex systems haves been implemented and researched over the years (e.g., Wilensky & Resnick, 1999; Louca, Zacharia, Michael & Constantinou, 2011; Wilkerson-Jerde, Gravel & Macrander, 2015). What makes ourthe MMM framework unique with respect to previous work is a combination of two factors. First, it generalizes the computation of several systems in chemistry and physics  by using a small set of elements and principles to construct a wide range of phenomena. Second, MMMit allows students to engage inwith modeling through a combination of drawing and construction. This combination , simplifies ying the modeling process, which , enablesing the creation of many more models, and increases the making it more accessibilityaccessible of modeling to teachers and students in science classrooms.	Comment by Editor/Reviewer: I suggest that being unique inherently sets MMM apart from past work. So “relative to past work” seems redundant. 

OurThe MMM framework presents a condensed view of systems that is based on a complexity perspective but goes beyond this this in condensing scientific concepts. The frameworkIt focuses on the micro-level in chemical and physical systems at the micro level and highlights the  makes the similarity of the interactions in the different systems apparent. For example,One example for such similarity is how diffusion and heat conduction occurtake place through random motion and collisions, resulting in structurally similar equations. Another example from one of our learning units, is how the computer code for modeling electrons in electric circuits is the same as that for gas molecules in a container, except for the and all you need to addition ofis a field (Drude’sDrude’s model of electricity). 	Comment by Editor/Reviewer: I suggest that “structurally similar equations” and “similar equations” are redundant.
The MMM modeling platform 	Comment by Editor/Reviewer: suggested subheading
A programming platform was theA central component we needed to research the MMM conceptual structure was the development of a programming platform. OurThe Much.Matter.in.Motion Much.Matter.in.Motion (MMM)modeling  modeling platform (MMM platform) enables constructing computational models of complex systems in  the domains of chemistry and physics (Levy, Saba & Hel-Or, 2018; Saba, Hel-Or & Levy, 2021; Figure 1). Theis platform allows students to create computational models by drawing the macro-level elements, such as wires and electric fields in an electrical system, and coding the micro-level entities, such as electrons and atoms. Programming is done by dragging blocks (on the right side of the screen in Figure 1) that encapsulate underlying code onto a programming board. This block-based type of coding is a common practice in a variety of wellWell-known programming environments, such as Scratch (Resnick, et al., 2009) and Alice (Cooper et al., 2000) utilize such block-based coding toand is  meant to circumvent the  need for debugging of textual code, which requires much more support. Students’ and teachers’ familiarity with this kind of programming is an additional consideration.
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Figure 1: Much.Matter.in.Motion MMM platform screen with a  built model of a gas for , exploring gas diffusion. On the left side areis the world (green squares), drawing (Ddraw, Bballs) and), and visualization (Mmarker) tools and, as well as monitors providing numerical information. On the right side is the programming board, where the large green boxstructure is filled by dragging colored blocks with by color into one of the three cavities (Properties, Actions, Interactions).
Our MMMThe platform was designed to highlight  both (a) a complex systems approach to way of thinking about systems with , agent-based modeling, from the micro-level object up to the group level, and (b) athe specific condensed view of physical and chemical systems. The basic entity in the models is a circle, named ““ball,, which which represents one of the micro-level entityies. The ball can be an electron, atom, particle, marble, or a planet. The code students create operates on these balls independently and, guidesing them to move and interact in particular ways. Each kind of ball, or population in complex systems terms, has its own set of instructions. To guide students’ modeling, the coding board is prepared with a pre-existing object that represents a population which is, a green shape with three cavities. The cavities encode, one for  the population’spopulation’s properties (i.e.e.g., color, size, initial speed),  one for its actions (i.e., moving in a straight line), orand  one for its interactions, which, are typical of the reasoning in agent-based modeling type of reasoning (Wilensky & Rand, 2015). Interactions can take place between members of the population (electron-electron), with members of another population (electron-atom), with the macro-level objects (electron-conductor wall), or with fields (electrons accelerating along the field vectors). This explicit  visual and enactive structure of makes the epistemology of modeling complex systems explicitis , an important consideration forin helping students generalize from the their specific models they are making. This structureIt simplifies also makes the coding choices simpler because , as eachh  typekind of code block can populate  can go into only one of those cavityies. Thus, eEach population, such as electrons versus atoms, has its own green programming object. 	Comment by Editor/Reviewer: Did I maintain your intent? This is a complex sentence. 	Comment by Editor/Reviewer: macro-level? 	Comment by Editor/Reviewer: a distinct? 
We have used MMM all the way up to four populations, for chemical reactions that include several reactants and products, such as methane combustion CH4 + 2O2  CO2 + 2H2O. The similarity among chemistry and physics systems, beyond their complex structure, is seen in the coding blocks themselves. Code blocks for the balls’ properties are those one would use in developing many models, such as size (representing mass), initial speed and heading. Code blocks for actions are straight-line motion forever or for a limited time, in accord with Newton’s laws of motion. Code blocks for interactions are “if-then” statements regarding interactions with other balls (same or different kind), with macro-level walls or with fields. The action part of the statement is a menu that opens up with a limited set of choices: nothing, collide, stop, accelerate, decelerate, attract, repel, and attract-repel (Lennard-Jones interactions).	Comment by Editor/Reviewer: I suggest new paragraph. 	Comment by Editor/Reviewer: Did I maintain your intent?
The MMM platform is based on a model we programmed with NetLogo (Wilensky, 1999) that, which includes athe variety of code applicable to that could go into  the students’ models, and t; and the NetTango toolkit (Horn, Baker & Wilensky, 2020) that supports the formation offorming a block-based coding interface for models. BecauseAs the NetTango toolkit is relatively new, we were supported in the process by researchers and programmers at the Center for Connected Learning and Computer-based Modeling at Northwestern, who will continue to also support this proposalsupport the proposed project as well (see Wilensky letter of collaboration)[footnoteRef:1].	Comment by Editor/Reviewer: Northwestern University (Illinois, USA)? [1:  It’s important to note that MMM was not designed or programmed at Northwestern, but in my laboratory. Support involved was the generous enabling of the early use of NetTango, teaching us how to use this toolkit, advice about various functionalities, and debugging and design fixes due to the early stage of the toolkit.] 

The MMM platform as an investigative tool	Comment by Editor/Reviewer: suggested subheading
We have used MMM for up to four populations of chemical reactions, including reactants and products such as methane combustion CH4 + 2O2  CO2 + 2H2O. Beyond their complexity, the similarity among chemistry and physics systems is seen in the coding blocks. Coding blocks for the properties of balls can be used to develop many models, including size (i.e., mass), initial speed, and heading. Coding blocks for actions are straight-line motions for a limited time or forever, according to Newton’s laws of motion. Coding blocks for interactions are “if-then” statements regarding interactions with other balls (the same or different kind), macro-level walls, or fields. The action part of the statement is a menu that opens with a limited set of choices: nothing, collide, stop, accelerate, decelerate, attract, repel, or attract-repel (Lennard-Jones interactions).	Comment by Editor/Reviewer: I suggest new paragraph. 	Comment by Editor/Reviewer: Did I maintain your intent?

We formed tThree online digital learning units were formed on middle school topics learned in middle school science in chemistry ( – structure of matter and gases,  and chemical reactions) ; and in physics (– electricity). Each online learning unit includeds presentations withand explanations, guides, prompts, challenges, and questions. Content experts advised us on the concepts presented and programmed in the learning units. The Each unit’s duration of each unit wasis about ten lessons long and was co-taught by the teachers and the researchers. The general scheme of each learning unit includeds: (1) an iIntroduction through an interesting demonstration or experiment for which students wereare invited to predict and explain their ideas (one lesson); (2) pPhysical laboratories and demonstrations (two lessons) to provide ana wide array of topics the students could model (two lessons); (3) mModeling in pairs and class-wide discussions of students’ models (six lessons); and (4) cClass-wide consolidation of the learning unit (one lesson). Our inclusion ofIncluding physical experiences wais crucial to , as they promotingencourage exchangethe back-and-forth between the richness and alignment of experience and the parsimonious model representations that , making sure they align, and encourageding further explorations (Samon & Levy, 2021). Modeling tookakes place in pairs to encourage communication and deliberation of ideas and explanations.	Comment by Editor/Reviewer: Did I preserved your intent? 
Key results of our existing grant	Comment by Editor/Reviewer: suggested subheading
Our research led to five major conclusions.The main results are the following: (1) TLearning with the MMM framework enhanced resulted in greater conceptual understanding of the science topics compared to with respect to normative curriculaum comparisons; (2) The is greater understanding corresponded to a with a deeper comprehensionunderstanding of each system at the’s micro-level; (3)  Learning The transfer of learning was observed; , with far transfer was  independently impacted independently by CT and the understanding of complexity (Saba et al., under review, b); (4) During modeling, The conceptual understanding gradually included more concepts with higher degrees of integration during modeling; (5) IIncreased modelingd experience in modeling was related to greaterlarger differences in between successive models created in a single session, as studentsthey explored different different aspects of the represented phenomenaon. 	Comment by Editor/Reviewer: 1. I tried to simplify the sentence text. Did I preserve your intent? 
2. I am not clear what normative curricula means. Would this be typical curricula or curricula based on other models of teaching? One of the reviewers also raised the issue.  	Comment by Editor/Reviewer: The word “gradually” is used throughout.  Can this be defined? For example, “conceptual understanding included concepts introduced over a two year period”. Terms that are ambiguous make the proposal seems overly qualitative rather than quantitative.  	Comment by Editor/Reviewer: resulted in? correlated with?
The output of the grant	Comment by Editor/Reviewer: suggested subheading
Thus far, we have presented sSeveneral conference papers were presented (seven) and submitted fivesubmitted (five). One published journal article paper describes the theoretical structure of the design and initial experimental results (Saba, Hel-Or & Levy, 2021). Two additional manuscriptsjournal papers are under review for publication. In one of our these papers undergoing a post-revision review (Saba et al.et al., under review after revision, a), wethe report focus was on our discovery of a sequence of mental models in electricity that shifts from an engineering view to a combined complexity and engineering view of the system, with the two approaches merging for the concept of current. ComparingComparison of the pretest and posttestposttest results showsshow a strong shift in the experimental group towards this combined view, which is unique in its integration of functional and causal aspects of the system.	Comment by Editor/Reviewer: What does submitted refer to? Were these submitted and received abstracts? Does this refer to manuscripts submitted for publication? I suggest clarifying this important point for reviewers. 
Unanswered questions and new research directions	Comment by Editor/Reviewer: I suggest another subheading here indicating that you will describe the major questions and new research directions based on the funded grant. See the next comment.
HERE ------  	Comment by Editor/Reviewer: 1. As a lead-in to the Objectives of the new proposal, are there any unanswered questions or intriguing results that provide the motivation for seeking this renewal? I suggest inserting those here so that reviewers will read more explicitly what was not achieved before or what you learned from the previous grant to make novel insights. For example, “Our previous results provided strong evidence that our successful MMM approach had a positive impact on middle school learning based on the relatedness of complex systems, although their micro elements could be distinct. Using this successful approach led to new questions and several important new lines of investigation”.  You could then list your major new questions. You do a great job of describing deficiencies at lines 250-269 for example. I suggest stating those points here briefly. You can then raise them again and address them point-by-point in the Research Objectives. This repetition will be more impactful for reviewers. 
2. Stating what was learned from the grant and new questions at this point serves as a separator that tells readers you are transitioning to the current proposal. 
Research objectives and expected significance

The We proposeproject to explores how students may develop aa more sophisticated understanding of scientific systems, modeling, and computational thinking (CT) ; and how thisis more sophisticated understanding could impacts their subsequent learning about new systems in science. We will achieve , bythese goals by  engaging studentsthem in constructingthe construction of computational models over a longer term.long period of time. Our proposalThis endeavor combines two cross-cutting concepts called for in the US science education standards (NGSS, 2013): (1) a complexity perspective for representing diverse chemistry and physics systems,; and (2) the practices related to scientific computational modeling.	Comment by Editor/Reviewer: 1. This first paragraph is critical. It communicates to reviewers what you are proposing. I would suggest being very explicit about what you plan to do to address the questions raised in the suggested new subheading at line 218. At line 219, I suggest that in addition to stating explicitly the objectives of the proposal, it is important to state how the proposed objectives differ from those of the previous grant. It seems unclear as written except that the time period is being extended. Especially because the proposal is an extension of the previous grant, I suggest stating explicitly the new questions/objectives and the new knowledge to be gained.
As written, reviewers may ponder what is gained that is novel by extending the period of time of the previous grant. 
2. As one solution, I suggest text expanding paragraph at 219 using as an outline your objectives at line 277. This will ensure that the paragraph at 219 and goals at 277 align and reenforce your objectives for reviewers.  
3. A related point of confusion is that the previous grant looks at multiyear progress in students but the time lengths not stated precisely in the Preliminary Results. So here “longer term” (line 223) lacks a sense of comparison. I suggest being more quantitative with time periods for clarity.	Comment by Editor/Reviewer: I suggest that “cross-cutting” seems like jargon. interrelated?  
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Figure 2: Conceptual framework of the proposed research
Our The proposal’s conceptual framework for the proposed research is described in Figure 2 and ,includes bringing together the key variables and constructs in the proposed research. The main activity students will engage in is modeling. Their  students’ modeling practices will beare explored and typified for each learning unit and compared across learning units for to see how they might changes through extended engagement. We will explore t Related to modeling, two variables related to the students’ knowledge of science concepts gained through modeling. are explored: science concepts – One variable isboth within the studied topic of study and its interaction withacross to other systemic topics. The other variable is and understanding complex systems. The relationships between these variables are explored within each learning unit. Across six learning units studied across three years, the changes to each of these variables will beis investigated. ;Furthermore moreover, we will examine the degree to which changes to these variables predictpredicts changes in variables in a subsequentfollowing unit  are exploreto define d, so that the interrelationshipss. can be laid out.	Comment by Editor/Reviewer: 1. As a friendly reviewer, is this framework different than the previous one? I suggest being explicit about how this proposal is different from the previous grant. Because the Preliminary Results precedes the Objectives, I suggest being explicit to differentiate new from old.
2. I suggest considering adding timeframes to the model or its legend. For example, studies 1, 2  are each one semester? Study 3 is one year but then repeated for three years, for example? This may help reviews understand that the proposal is to extend the timeframe to gain more knowledge. 	Comment by Editor/Reviewer: Can you please clarify what typified means?  adopted? 
The proposal research addresses two gaps.	Comment by Editor/Reviewer: 1. An idea you may want to consider. From lines 239 to 276, you’ve done an excellent job of describing the issues that need to be addressed in the proposal. I suggest moving the relevant text to the new section at 220.  This will highlight the gaps in knowledge that you propose to solve prior to the Research Objectives and Significance. You can then address the gaps as you have done already here.  
2. Also the gaps in knowledge  do not seem quite appropriate for the Research Objectives and Significance. The Objectives should be concise and limited to the extent possible to the actual plan of research and the questions they address. Otherwise, this can lead to confusion about what is actually being proposed vs what was done in the previous grant.  I hope this helps! 
Whereas the grant permitted us to establish a systems approach to learning, it could not address the longer-term impacts on science education and knowledge retention, which is critical to gauge the approach’s success. TThus, thee first gap is the relative lack of knowledge about the regarding characteristics of long-term learning about complex systems across science topics. Understanding  Knowing how such long-term learning over longer termstakes place will enable uss to develop ing appropriate supports for learning, generalization, and consolidation to over longer periods of time, or “makeing learning durable”. Understanding how  long-term modeling of complex systems interacts with science learning over a long term would significantly advance the domain of learning about complex systems in science. Research into long-term science learning is scarce in science education. We found, and only one studyresearch investigatinginvestigated systems thinking (Snapir et al., 2017), and none  about were found regarding model-based learning. The ISF’s recent change of policy that enables five years of research funding presents a tremendous opportunity to ameliorate this situation and is a significant motivation for forming this research program.	Comment by Editor/Reviewer: I added text as an example only. I suggest here an opportunity to indicate what is new about the proposal. In this case you were able to establish your approach in the grant. But to understand the multiyear impacts and assess the practicality in teaching you must extend the funding. 	Comment by Editor/Reviewer: 1. I moved the sentence to clarify what is meant by state of affairs. 
2. “ameliorate this state of affairs”. I suggest simpler language such as “address our lack of knowledge”. Or “address the situation”

Our proposal builds upon the results and questions discovered in Building uponour existing research grant this researc. Weh, the project will examinelooks  into not only studentst’ systems thinking, but also their science concepts and modeling practices. The ISF’s recent change of policy, which enables five years of research, presents a tremendous opportunity to ameliorate this state of affairs and has been a significant motivation to forming this research program. The specific learning topictopic of learning,  – learning about systems and modeling, g – presents another unique opportunity. T, as the two constructs are content-general, thus enablinging repeated testing and comparingcomparison of the same knowledge over extended periodstime periods. The proposal will thus  and contributeting to the study of learning over longer periodstime-periods in general. LearningIn Israel, learning through a complex systems approach in Israel is not yet part of normative learning materials. The lack of complex systems teaching ,is  presenting another excellent reason for conducting the research in Israel: the starting point of most of the students will be similar and independent of previous learning. Understanding thesuch long-term effects  on the very process of learning facilitated by our proposal maycould support the multi-year designing offor learning across the years and decisions regarding appropriate frameworks forto employ in helping students develop more sophisticated views. More specifically, to the best of our knowledge, classroom learning of complex systems has not been studied for variousa variety of topics and extended durations,; nor has modeling-based learning, s; so that these more specific topics would also be advanced as well.	Comment by Editor/Reviewer: I suggest indicating where possible what you learned from the previous grant and what the proposal adds that is new. This is an example sentence to convey the concept. For example, “This proposal builds upon the know we gained from short-erm testing of our MMM program and only two learning units”. This is more specific and tells reviewers the limitations of the grant to support your need for additional funding. 	Comment by Editor/Reviewer: Was this also an aspect of the previous grant? If so, I suggest differentiating it in the proposal. For example, “Our proposal looks not only at student systems thinking over an expanded time frame, but also at the durability of their science concepts and modeling practices not possible with the current grant”. 	Comment by Editor/Reviewer: established? 
The second gap is fragmentationn problems in science learning when each topic is taught separately with relatively few connections across concepts betweenrelated to different phenomena or systems. This issue of fragmentation is has been related to the lower transfer of learning across science topics (Bybee, 2014). OurThe proposal continues the development of the Much.Matter.in.Motion conceptual framework , meant to unify the learning of systems in science to in ways that identifyhelp see the common principles which have shown promising results between them, as described in the Ppreliminary Rresults and that has shown promising results. OurThe proposed research advances a unified conceptual framework for learning about systems in chemistry and physics that was described above that . It goes beyond the ongoing project in two ways. ItOn one hand, the focus shifts the focus from individual learning units to a more comprehensive approach to by using this framework across topics and years. The significance of this research is in advancing science education by offering simpler and more powerful representations that are easier to comprehend and which engage students in deeper mechanistic reasoning.	Comment by Editor/Reviewer: This is an excellent statement of why this proposal is different that the previous grant. I suggest a similar statement in the first or second paragraph starting at line 222. This will tell reviewers right away what is new about this proposal.
 Further, tThe research will further extend the MMM framework to newadditional science topics: liquids and solids, phase change, and the solar system. This extension will permit us to, to test theits theoretical applicability ofas oura framework to the full range of chemistry and physics systems learned in middle school science. The proposed research advances the design of new platforms for advancing CT in  the context of science education, which can be easily incorporated into science classes, mutually enhancing the learning of science and computation. The significance of our research is in advancing science education by offering simpler and more powerful representations that ease comprehension and engage students in deeper mechanistic reasoning. 	Comment by Editor/Reviewer: I suggest that testing theoretical applicability is a mental exercise.  testing applicability is a physical exercise. 

The researchOur proposal  project has two main objectives:
1. We will uUnderstanding long-term classroom-based science learning by modeling complex systems.: We will investigate Explorings how students’ - tudent learning processes, modeling practices, and conceptual learning. This research will lead to an , understanding of systems and computational thinking, andas well as the non-cognitive factors of interest in science. We will also explore  and self-efficacy during extended as science learnings related to  - changes and interactions during extended learning of science by constructing complexity-based computational modelss with a complexity-based perspective.	Comment by Editor/Reviewer: I suggest making it clear how this objective depends upon the extended funding to differentiate it from the objectives of the funded grant. 
2. We will cCreateing a unified conceptual framework for model-based learning about systems in science.: Through experimentation, we will uUnderstanding how to design tools and approaches for extended modeling-based learning of science with a complexity perspective, which considers previous and future learning across science topics and age groupsage-groups.
Detailed description of the proposed research 
Working hypotheseis	Comment by Editor/Reviewer: If the format it not rigid, I suggest that you move the description of your hypotheses to line 278 which precedes the main objectives. This will permit you to describe your hypotheses emphasizing that these were developed based on the work of the previous grant. You can then frame the two objectives that follow as addressing your hypotheses.  For example at line 290 the text could read, “Based on our current grant and Preliminary Results, we have developed important new hypotheses that can only be addressed by an additional two years of funding made available by ISF”.  This will indicate that you have new questions and hypotheses based on the existing grant, so your proposal is answering new questions. I suggest looking for any opportunity to distinguish the proposal from the current grant so reviewers read a clear justification for extending the funding. I hope this make sense!  
We hypothesize thatith respect to combining multiplesingl learning unitse-unit learning with the MMM approach h, learning several learning units with this approach will result in: 	Comment by Editor/Reviewer: This was a quite complex sentence. Did I preserved your intent? 
(a) higher pretest scores in the later units through learning transfer	Comment by Editor/Reviewer: 1. Rather than “later”, I suggest stating specific times or timeframes for each of your hypotheses. The goal is to make it clear to reviewers that the proposal requires the additional two years to address your hypotheses. 
2. This is also related to terms like “gradually” used in the Preliminary Results. Gradually would be years two and possibly three of the current grant, if I am correct. Again, this will distinguish the funded grant from the proposal. I suggest as a rule that it is better to be as precise and quantitative as possible for reviewers. This means avoiding ambiguous terms. 
(b) higher posttestposttest scores for the later units, as more cognitive resources can be allotted to understanding the science concepts.
(c) shorter times until the upward shift in mental models during the learning unit
Research Design and Methods
The project proceeds through four studies, two that use qualitative methods with a small number of students (1 & 4) and two that use quantitative methods with comparisons (2 & 3).	Comment by Editor/Reviewer: The goals of the grant as stated in the Preliminary Results (line ) “was to integrate CT and modeling practices into learning experiences in middle school science courses, while increasing conceptual integration”.  This is a broad goal that could encompass this proposal also. I would suggest emphasizing why each of the studies proposed requires the additional two years of funding to achieve.  For example, Study 1 will characterize short-term processes. There may be confusion since this short term study could have been part of the grant. This proposal is for long-term learning. Also, for Study 2 there could be confusion. Were not individual LbM units examined in the grant? Studies 3 and 4 are longer term, but I suggest quantifying the timeframes required (two years) and emphasize that all your goals can be achieved only by the additional two years afforded by the extension, provided this is correct.     
Study 1 -: Lab setting learning process of LbM -– We will characterize Characterizing the short-term processes by which middle school students represent and construct models and, interact with the programming platform. We will test our research tools by  anexamining student learningd learn about scientificscience phenomena and complex systems, testing of research tools.
Study 2 -  – Classroom-based learning gains for individual LbM units -– We will cCompareing the learning learning gains byin LbMlearning through modeling with learning by with standard learning materials. We will include a , test scaleling- up test into classrooms.
Study 3 - – Classroom-based long-term learning gains with multiple LbM units – We will quantify the tTrajectories of student f learning the science and systems learningconcepts, modeling, practices and  their interactions across a range of systems in science.	Comment by Editor/Reviewer: I suggest stating the number of systems. 
Study 4 -: Classroom-based long-term learning process with multiple LbM units – We will cCharacterizeing the long-term changes in how middle school students use modeling practices to, learn the science and systems concepts.	Comment by Editor/Reviewer: Again, I suggest quantifying “longer-term” to clarify that proposed studies require more time and additional funding.  




Research Variables
Independent Variable:
1. Learning Environment -: Learning by modeling versus standard learning materials, number of LbM units experienced. 	Comment by Editor/Reviewer: taught?
Dependent Variables
1. Science conceptual understanding -– science conceptual understanding of the systems and phenomena modelled in the activities.
2. Understanding complex systems -– structure of reasoning about systems in terms of levels, interactions, decentralization, probabilistic behaviors, equilibration processes, and emergence.
3. Modeling practices -– ways of representing complex phenomena, creating them computationally, debugging, revisingrevising, and evaluating models.
4. Learning process -– time to upward shift in mental model while engaging with a learning unit.
Research Sample
We proposeThe project plans to work with a school in the north of Israel. Long-term research is challenging to organize and deploy, and a good relationship with the school is crucial. We have worked with tThe intended school is one we have worked with in the past and. We are currently discussing whether and how this research could be implemented. Based on our earlier work with the school, the schooly had decided to adopted complexity as a cross-cutting concept to connect curricula in different courses, creatingmaking this a more accepting context for conducting the research. 	Comment by Editor/Reviewer: an interrelated? 
Table 1: Experimental Groups	Comment by Editor/Reviewer: As a friendly reviewer, is a sample size of six sufficient for groups 1- 6? Why are these samples sizes so much smaller?
	Exp. Group
	Sample Size
	Topics of Learning
	Learning Environment
	Single / Long-term
	Participate in Study

	1
	6
	Structure of Matter & Gases
	MMM11
	Single
	1

	2
	6
	Phases & Transitions
	MMM1
	Single
	1

	3
	6
	Electricity
	MMM1
	Single
	1

	4
	6
	Energy transfer
	MMM1
	Single
	1

	5
	6
	Chemical reactions
	MMM1
	Single
	1

	6
	6
	Astronomy
	MMM1
	Single
	1

	7
	200
	All topics
	MMM2
	Long-term
	3, 4

	8
	60
	Phases & Transitions
	MMM2
	Single
	     2, 3

	9
	60
	Electricity
	MMM2
	Single
	2, 3

	10
	60
	Energy transfer
	MMM2
	Single
	2, 3

	11
	60
	Chemical reactions
	MMM2
	Single
	2, 3

	12
	60
	Astronomy
	MMM2
	Single
	2, 3

	13
	60
	Structure of Matter & Gases
	Standard
	Single
	2, 3

	14
	60
	Phases & Transitions
	Standard
	Single
	2, 3

	15
	60
	Electricity
	Standard
	Single
	2, 3

	16
	60
	Energy transfer
	Standard
	Single
	2, 3

	17
	60
	Chemical reactions
	Standard
	Single
	2, 3


1 MMM1 and MMM2 are initial and improved versions of the experimental learning environment
The total sample size will beis about 770 students sub-divided by the independent variable, whether the learning environment includes modeling, and prior experience with modeling (Table 1). Fifteen15 students will be selected from the long-term experimental by random stratified sampling, based on gender and the academic ability, for interviews and microgentic research. We eExpected attrition to beis high, so that the final sample size will probably be  about 20% smaller. IRB and Education Ministry Head Scientist approval will be obtained, as will the school’sschools’ principal and teachers. Parents’ and students’ consent will be gained before the studies begin.	Comment by Editor/Reviewer: or?	Comment by Editor/Reviewer: microgenetic
Research Design
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Figure 3: Experimental design of proposed research, which includes the learning units, their pre- and posttestspost-tests, and participation of each of the experimental groups.
Research instruments
1. Pre- and posttestpost-test questionnaires. Each test will includes two questionnaires. OurThe demographic information questionnaire will consists of a set of standard questions. For experience in programming and simulations, we will ask the students will be asked to write out examples. OurThe conceptual understanding and systems thinking questionnaire will include questionnaires already developed and tested for three of the six topics. The questionnaires We will include approximately 18 closed items and two open-ended items in the questionnaires, and two open-ended items. Our eExisting questionnaires will be improved to include more challenging items to prevent a ceiling effect. For three topics, questionnaires will be designed by conducting a two-dimensional analysis of the learning unit challenges posed to the students. A content dimension will describes the main content addressed in the learning unit. A process dimension involves the Shavelson, Ruiz-Primo, and& Ayala’s (2002; Ayala, Shavelson, & Yin, 2002) categories of knowledge: declarative, procedural, schematic, and strategic. The proportion of different challenge types in the two-dimensional array will be used to plan the questionnaire. We will use iItems from published research and international tests. We will alsos will be used, and develop other questionnairess  will be developed in-house to be, and reviewed by content experts and the lab members. Teachers will then review the questionnairesm to ensure clarity and coverage of the concepts and principles taught with standard learning materials. 	Comment by Editor/Reviewer: questions?
2. Interview protocols.: We will use two open-ended items in sSemi-structured interview protocols will include two open-ended items, with scenarios that, which present a problem the student needs to solve, while describing and explaining their thinking in words, moving objects, and drawings. Protocols will be designed as clinical interviews (Ginsburg, 1997) and will be reviewed by members of the lab, then, piloted, and improved.	Comment by Editor/Reviewer: “Piloted” seems like jargon. tested? 
3. Logs of students’ activity with the learning units and modeling platform. We will log sStudents working with the online units will be logged. S, specifically, we will log the texts that they entered as answers to questions, tables, graphs, and drawings, that they create during the unit and screenshots of their models created during the unit.
4. Observations. We will record students and cComputer screens and the students will be video-recorded during learning sessions and interviews using screen capture and video software. The iInterviews will be videotaped.
Procedure
Study 1 -1: Lab setting learning process of LbM	Comment by Editor/Reviewer: Learning the process of LbM in a lab setting?
WStudy 1 e will characterizes the processes by which middle school students represent and construct models, interact with the programming platform, and learn about scientificscience phenomena and systems. It willis also be used to testtry out the new and improved learning units, the modeling platform, and the data collection instruments, enabling so these can be improvementd before the subsequentnext studies. S More specifically, we willthe study explores students’ modeling practices. These practices include ; science and systems conceptual learning, students’ mental models andd the shifts between them, ; and interaction of how these variables interact. Participants will beare from Experimental Groups 1 1- 6. ThreeFor each learning unit, three pairs of students will work with the researcher in a lab setting for each learning unit. By mModeling g will be in pairs, so the students’ conversations willcan provide insight into their strategies and understanding and strategizing. StudentsThey will work for four one-hour sessions, fill out pre- and posttestpost-test questionnaires and participate in individual semi-structured interviews. We will log and screen-capture each Each pair’spair’s work will be logged and screen-captured, and t. The questionnaires will be coded for science and systems concepts. Qualitative analysis of the interviews will provide an in-depth view of students’ understanding. We will analyze tThe modeling sessions for will be analyzed for the modeling practices that include how students design a model, explore,  and evaluate it, revise, and debug a modelit. We will also analyze , and the actual programs studentsthey create, and the the science and systems concepts they express expressed in writing and in words.	Comment by Editor/Reviewer: I tried to save space. Please read to ensure I have preserved your intent. 
Study 2 -– Classroom-based learning gains for individual LbM units	Comment by Editor/Reviewer: Learning gains for individual LbM units in the classroom?
We willThis study compares LbM using the MMM approach with learning with standard materials and tests scaling up to classrooms. In this study, Experimental Groups 8 - 12 will learn one of the science topics through modeling. We will They are compare them to d with Experimental Groups 13 - 17, who will learn the same topics with standard learning materials and the same for the same duration. The study will be is structured as a quasi-experimental comparison group pre-test-post-test design, with s. Students will filling out questionnaires before and after the learning unit. We will code theThe questionnairesires will be coded for, followed by statistical analyses. We will hand-code Students’ modeling practices will be hand-coded from the data logged from students’ activity dataies for the with the learning units. : Sscreenshots of their models will enable analyseis of their programs. S, structured activity sections of the activities will ask students to plan and draw the models before programming ,them then, revise and explain their revisions. Students will , use the models to explore the science topics and record their observations in data tables and graphs, then, and reflect and explain their understanding of phenomena. We will create Categories for codes foring these activities from will be created the top-down based on existing research literature,  and based on the data itself,  and the observed differencesdistinctive differences that are observed.	Comment by Editor/Reviewer: I tried to save space. Please read carefully to be sure I have preserved you intent. 
To detect students’ learning process chara. cteristics, namely the shifts in studenttheir mental models during the activitiesy, we will analyze their texts  the students during the write in unitlearning unit will be analyzed. In my lab, we are doinghave been doing the preliminary work needed to prepare to automatically analyzefor automatic analysis of students’ articulated ideas for several years now (Samon & Levy, 2019; Zohar & Levy, 2019; Saba et al., under review, a). OurThe analysiss we have developed involves noting and analyzing students’ knowledge elements from their texts. The term “kKnowledge elements” are a term that describedescribes basic concepts or ideas upon which students build their answers, such as p-prims ( in diSessa’s , (1993) work. WIn these studies, we hand-coded for knowledge elements and formed a vector describing each student’sstudent’s mental model. We then used automated and visual clustering methods to detect the mental models[footnoteRef:2]. Using these coding tables, we can now automate  detectioning of the knowledge elements. OurThe analysis is based on Sherin’sSherin’s work (2013) work that exploringes conceptual dynamics in clinical interviews with vector space models and cluster analysis (Sherin, 2013). Once theOnce we determine the  right granularity to capture students’ explanations is determined, we will be able to compute the time requiredit takes for students to move between mental models. HComparison with hand- coded analysis will be used for verification. 	Comment by Editor/Reviewer: ?	Comment by Editor/Reviewer: Is this citation correct?  [2:  Using the terms p-prims and mental models in the same work seems contradictory, based on the conflicting use of these terms in different conceptual change theories. However, knowledge-in-pieces theory does not have a good term of describing the ecology of concepts that are elicited in explaining phenomena. My view, which has been accepted by several journals in science education, is that if we don’t view mental models as complete and stable theories, but as ad hoc constructions on the fly, this would work. In fact, original work of mental models (Norman, 1983) highlights the transitory character of mental models.] 

Study 3 -– Classroom-based long-term learning gains with multiple LbM units	Comment by Editor/Reviewer: I suggest quantifying the number of years. For example, “long-term (two years)”. This indicates that this study will require the two year extension period to complete. 
The heart of our proposalthe research is thise long-term study that relates the impacts of  the various aspects of understanding and learning  as they impact each other after learningfollowing learning of different STEM topics. EExperimental group 7 will are the students who participate in the project for three years. We will They are compare themd towith Experimental groups 8 - 12, who will studyied only one learning unit without prior experience with the MMM approach. This comparison will allow us to test foring the cumulative effects. Several analyses will be  made based on trajectories for each of the variables. Using the described data analytics and their interactions, we will examine , learning transfer by comparing the pretest scores, added value to learning value added by comparing the posttestposttest scores, and the time toto an upward shift of mental models., using data analytics described above and their Interactions. We will investigateTheir relationships  will be explored within and across learning units. With the help of a statistician, ourThe statistical modeling and methods willfor analyzezing long-term data with several variables being measured at successive time points will be conducted with the help of a statistician. Linear mixed-effects models will be used because they as they allow characterization and comparison of changes over time, accommodate incomplete data, and can handle unbalanced data. We require thisThis flexibility becausewill be necessary as students miss classes and teststests, and our sample size is limited. ThusGiven the limited sample size, interactions will be grouped and tested within this limitation.	Comment by Editor/Reviewer: Did I maintain your intent? 	Comment by Editor/Reviewer: manage? incorporate?
Study 4: Classroom-based long-term learning process with multiple LbM units 	Comment by Editor/Reviewer: I suggest again to indicate how many years for all studies. 
The proposed research begins and ends with detailed qualitative studies which are qualitative in nature that, intending to characterize the learning processesprocesses of learning  different students undergogo through over three yearsa three-year period of LbM. We will interview fifteen15 students out of the classes who are learning the extended program will be interviewed before and after each learning unit. They  and will be observed during learning using screen capturesscreen-captures of their computer screens and video. Analyses will attend to each of the each research variables, andas well as the contexts, processes, and non-cognitive factors that can can form a more in-depth understanding of the long-term LbM of complex systems. 	Comment by Editor/Reviewer: undergo? develop? 
Institutional Resources
The Faculty of Education at the University of Haifa is a one of  the primary educational research institutions of its kind, the largest in Israel. It The faculty includes 58 senior faculty members and 100 additional staff members, 25 research centers, and laboratories that conduct diverse research  that incorporatinges many graduate students. The faculty includes two national centers for mathematics education that provide continuous training and assistance to mathematics teachers across the country. Finally, the faculty includes an IT center that supports several faculty members in their research and teaching with technologies. The author’sauthor’s research group currently includes nine students, two postdocs, a lab director, and a computer science professor. Some of the group members are experienced in designing novel computational learning environments and regularly provide assistance to each other on a regular basis in areas, such as data collection tools appraisal and reliability testing. The lab also has most of the needed equipment for data collectiondata-collection.	Comment by Editor/Reviewer: Do you have access to the equipment the lab lacks? Will you have to develop it? I would suggest addressing this because reviewers could criticize you for not having your tools in place. 
Expected Results and Pitfalls
Study 1 -: Lab setting learning process of LbM.: (1) A richly textured multi-faceted analysis of students’ learning processes that includesincludes an understanding of results regarding the four dependent variables,; (2) Recommendations for improvement of the MMM learning environment and learning units,; (3) Recommendations for the improving the research tools. 
Study 2 - – Classroom-based learning gains for individual LbM units.: (1) Learning gains for each of the four dependent variables,; (2) Comparison between LbM and learning with standard learning materials,; (3) Comparison of LbM for different topics of learning.
Study 3 - – Classroom-based long-term learning gains with multiple LbM units.: (1) Trajectories of the dependent variables and their comparison,; (2) Transfer rates of learning from earlier units to later units,; (3) Depth of understanding in science, systems, and modeling practices,; (4) Interactions among variables.
Study 4 -: Classroom-based long-term learning process with multiple LbM units.: (1) A richly textured, multi-faceted analysis of students’ learning processes across six learning units that includes an understanding of the four dependent variables andas well as the situated and non-cognitive aspects of learning. 
Addressing possible pitfalls -: (1) Attrition.: To address attrition, our sample size is larger than what is needed for analysis by about 25%;, (2) Technical problems.: Ssoftware, hardware  – prior testing of the equipment and software will be extensive – both within the laboratory and piloted prior to the actual research (prior testing of the equipment and software will be extensive),; (3) Technological development problems.: to this goal, Uri Wilensky is consulting us,; (4) Loss of data.: An analysis is planned for six units which is a relatively large number. However, ggiven the fact ourthat information is stored online and the instability of the school’sschool’s digital infrastructure is unstable, analysis was planned for six learning units, the units could  a relatively large number that could be reduced in case of datasuch loss. 	Comment by Editor/Reviewer: tested
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