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 This work stems from the fact that objectively assessing student “mastery” of 

science concepts without truly understanding how they are making sense of these 

concepts, continues to be one of the most difficult tasks I face as an educator.  A model 

eliciting activity (MEA) is an instructional tool that provides students and teachers with 

plenty of opportunities to express, test, and refine their thinking while simultaneously 

providing a document trail of thinking. Model eliciting activities allow teachers, students, 

and researchers to gain valuable information about how students construct, test, and 

revise models.  Essentially, they are rich metacognitive tools that encourage students to 

express and refine their own thinking while simultaneously providing an opportunity for 

teachers and students themselves to gain insight on how their students are learning. 

However, two difficulties arise in the implementation of MEAs: (1) assessing the quality 

of the tasks involved in MEAs, and (2) assessing student knowledge demonstrated 

through MEAs (Wang et.al., 2009). This report reviews the literature on assessing MEAs 

and focuses on the development of a generalized assessment framework for model 

eliciting activities in a middle school science context.  
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Chapter 1: Introduction 

Our vision is missing because we are trying to reform what isn’t there: Schools do 
not engage in science education, but simulacra of science education.  In the lived 
curriculum of classrooms, what operates under the sign of science education 
continues to be a content-driven, bulimic pedagogy driven by standardized testing 
that caters to the intellectual elite bound for postsecondary school. 

    - David W. Blades, Post Modern Science Education (2001) 

1.1 Assessment: Background and Significance 

Assessments of school learning provide information to help educators, policy 

makers, students, and parents make decisions.  (National Research Council, p.36, 2001) 

These assessments can be classified in two broad categories and may include both 

summative (formal, end of instruction) methods, such as large-scale state assessments, or 

formative (less formal, designed to inform continued learning) classroom-based 

procedures, such as quizzes, class projects, and teacher questioning which can be used in 

classroom and large-scale policy contexts for multiple purposes: to assist learning, to 

measure individual achievement, and to evaluate programs. (National Research Council, 

p. 52, 2001) With the movement over the past two decades toward setting challenging 

academic standards and measuring students’ progress in meeting those standards, 

educational assessment is playing a greater role in decision making than ever before. 

However, the roles for assessment must be expanded beyond the traditional concept of 

testing. The use of frequent formative assessment helps make students’ thinking visible to 

themselves, their peers, and their teacher. This provides feedback that can guide 

modification and refinement in thinking (Bransford, 2000)  

With pressure to prepare students for high-stakes accountability tests, teachers 

often feel compelled to move back and forth between instruction and assessment and 

teach directly to the items on a test. This approach can result in an undesirable narrowing 

of the curriculum and a limiting of learning outcomes. (National Research Council, 

2001). The pressure to raise test scores has produced a growing set of classroom practices 

in which test-prep activities are usurping a substantive curriculum (McNeil & 
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Valenzuela, 2001).  The accountability associated with high-stakes testing has forced 

many teachers to follow an artificial curriculum developed from the top down in an effort 

to raise test scores.  This intended curriculum has so many levels of input from the top 

down that when it filters to the teachers in the classrooms, it becomes distorted and 

unclear. (Lynch, 2000)  Thus, we have a system with schools in which teachers are led to 

substitute commercial test prep materials for the substance of curriculum (McNeil & 

Valenzuela, 2001).   

These standardized tests do give summative feedback; however, studies of 

adaptive expertise, learning, transfer, and early development show that formative 

feedback is extremely important. Students’ thinking must be made visible (through 

discussions, papers, or tests), and feedback must be provided as part of the learning 

process. Given the goal of learning with understanding, assessments and feedback must 

also focus on understanding at a deep conceptual level, and not only on memory for 

procedures or facts (although these can be valuable, too). (National Research Council, 

2001) Thus, the methods of assessment that are necessary in today’s schools require 

teachers and students to interact, providing feedback loops that allow teachers to adapt 

their instruction to meet the needs of their students, but they are essentially missing with 

the emphasis on high-stakes standardized tests. Most educators understand that 

instruction is a complex process and intended to cultivate understanding of concepts that 

are grounded in meaningful contexts and that may be arrived at through different 

developmental trajectories depending on the student (Windschitl, 2002).  Effective 

implementation of the types of instructional strategies that lead to deeper learning, 

requires formative assessments that include but are not limited to clinical interviews, 

observations, student journals, peer reviews, and performances in the forms of inquiries, 

plays, debates, dances, or artistic renderings (Shepard, 2000). These instructionally useful 

tools allow teachers to interact with students, modify, enrich and refine learning 

experiences in an effort to improve the quality of education within their classrooms.  

Additionally, if formative assessment is to be productive, students should also be trained 

in self-assessments so that they can understand the main purposes of their learning and 
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thereby grasp what they need to do to achieve (Black & Wiliam, 1998).  Learning to 

provide and to respond to formative feedback given via both peer and self review are 

essential skills for success in a continuously working world that doesn’t assign an end-of 

project grade. Teaching students how to perform peer review and how to utilize 

constructive criticism for improvement is essential for their future and can be made 

possible, for example, via effective implementation of what have been referred to as 

model eliciting activities or MEAs (Yildirim et al., 2010). 

1.2 Model Eliciting Activities as an Instructional Tool 

 The most common instructional tools, such as observations, student journals, peer 

reviews, and interactive notebooks, are used in the classroom as a means to gain more 

insight into student learning, but they take time to implement appropriately and they are 

often implemented poorly. Portfolios often become simply another place to store student 

work but no discussion of the work takes place. But used properly, they provide students 

and others with valuable information about their learning progress over time. (National 

Research Council, 2001)  Another method that may be used to both make students’ 

thinking visible (to teachers and students themselves) and create a rich real-world 

problem solving experience, is known as a model eliciting activity (MEA). Model 

eliciting activities are instructionally useful tools that can be used as authentic 

assessments because they usually involve mathematizing, by quantifying, 

dimensionalizing, coordinating, categorizing, algebratizing, and systematizing relevant 

objects, relationships, actions, patterns, and regularities (Lesh & Doerr, 2003). Lesh and 

Doerr (2003) also point out that when most professionals in the math and science sector 

construct, describe, or explain complex systems, many of their most powerful conceptual 

tools involve implicit or explicit use of mathematical and or scientific models (Lesh & 

Doerr, 2003, p.10). A model eliciting activity is an instructional tool that provides 

students with plenty of opportunities to express, test, and refine their thinking while 

simultaneously providing a document trail of thinking. Yildirim et al. (2010) posit that 

MEAs can play three distinct roles in helping students learn concepts: integrate learning 
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from previous courses with new information (integrator); reinforce the concepts that are 

currently being covered (reinforcer); and discover a concept that has yet to be formally 

introduced (discoverer).  However, there is little discussion in the literature about how to 

use these activities as a means of assessment for teachers, especially in the realm of 

science.  The difficult task still remains for teachers to judge what any particular product 

tells them about student learning.  This challenge led to the focus of this study: How do 

you develop and implement an informative scoring rubric to assess understanding after or 

during implementation of such instructionally useful tools, specifically using model 

eliciting activities?  

 Traditionally, these activities were designed to study the way in which students 

learn, understand, and develop mathematical concepts. These activities present a 

problem, based on a real-life situation, to be solved by students in small groups.  The 

solution calls for a mathematical model to be developed for an identified client who has a 

specific need.  The problem is complex, calling for multiple cycles of interpretation and 

articulation of the solution in order for the model to be developed to the point that a client 

would find it understandable and useful.  The development of their mathematical model 

that results from these cycles can be revealed as students externalize their thinking in 

order to communicate with each other as they work collaboratively (Zawojewski & 

Carmona, 2001).  The processes involved in coming up with a solution compel students 

to engage in constructing their own models of the situation, consequently engaging in an 

iterative learning cycle as they refine their predictions multiple times before they come to 

a solution.  A variety of MEAs in math and engineering have been implemented in 

mathematics classrooms ranging in ability levels, but there is still much to be done in the 

realm of science.  A more detailed discussion of a few of these field tested MEAs will be 

addressed in chapter two.     

1.3  Research Focus and Objectives 

Popham (2003) describes that an instructionally test 
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Measures students’ attainment of a high-level cognitive skill or a substantial 
 body of important knowledge, does not rely on students’ innate intelligence, 
 is directly based on sufficiently clear descriptions of the skills and knowledge it 
 measures, yields results at a specific enough level to inform teachers about the 
 effectiveness of the instruction they provide, and does not intrude excessively, on 
 instructional activities (Popham, 2003). 

    
Thus, the methods of assessment that are necessary in today’s schools require 

teachers and students to interact, provide feedback loops that allow teachers to adapt their 

instruction to meet the needs of their students, and are essentially missing with the 

emphasis on high-stakes standardized tests. Although many teachers assess their students 

naturally during their daily schedule, the full variety of authentic assessments available to 

teachers are rarely implemented in schools.  If governments, school authorities, and 

teachers are truly committed to reforming education and raising standards in education, 

they should be aware of the extensive evidence on how to improve formative assessment 

and that improving formative assessment does in fact raise achievement overall (Black & 

Wiliam, 1998).  I chose to implement MEAs in the classroom as these have proven, as 

stated above, to provide information about students’ thought processes in disciplines 

ranging from economics to statistics to mathematics and more recently science.  (Lesh & 

Doerr, 2003; Zawojewski & Carmona, 2001; Aliprantis & Carmona, 2003; Framolino, 

2008).  However, the question remained as to how to evaluate the student work produced 

to assess their depth of understanding. This report focuses on the development of an 

assessment framework of a model eliciting activity designed and field tested in a middle 

school geological science context.  

1.4 Report Organization 

 Chapter 2 is a review of the literature outlining the history and development of 

multi-tiered teaching experiments using model eliciting activities.  The chapter supports 

and describes model eliciting activities that have been designed and field tested in 

disciplines ranging from economics to mathematics to science. The transcripts and data 

from these case studies suggest possible assessment frameworks that could be used to 

develop scoring rubrics and serve as the foundation for the development of the rubric 
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outlined in chapter 3. Because these authentic assessments provide an opportunity for 

teachers to also experience the express, test, revise learning cycle while evaluating 

student products, chapter three presents a systematic approach for assessing products in a 

meaningful way based on the case studies presented in chapter two.  The final chapter 

describes the benefits of using MEAs as an assessment tool and future classroom 

applications.   
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Chapter 2: Review of the Literature 

2.1 MEAs: Origins in Modeling Theory 

Lesh and Doerr (2003) first explained a models and modeling perspective about 

mathematics teaching, learning, and problem solving in which they define models as: 

-- conceptual systems (consisting of elements, relations, operations, and rules 
governing interactions) that are expressed using external notation systems, and 
that are used to construct, describe, or explain the behaviors of other system(s)- 
perhaps so that the other system can be manipulated or predicted intelligently. 
(Lesh & Doerr, 2003, p.10)  

The authors assert that when most professionals in the math and science sector construct, 

describe, or explain complex systems, many of their most powerful conceptual tools 

involve implicit or explicit use of mathematical and or scientific models (Lesh & Doerr, 

2003, p.10).  These models are thought of as smart tools that range in form and function 

that may include physical models of airplanes to guide the design and development of 

real planes to computer-based simulations to investigate weather patterns to statistical 

models in the form of graphs and equations to make sense of complex economic trends to 

metaphors, diagrams, analogies that children use to make sense of their experiences (Lesh 

& Doerr, 2003, p.11).      

The authors agree that if professionals use models to describe, explain, or refine 

their thinking, teachers can provide students with rich experiences in which students have 

a need to develop mathematical descriptions of meaningful situations rather than 

traditionally having students solve word problems where they are making meaning of 

symbolically described situations (Lesh & Doerr, 2003, p. 4). Learning, from this angle, 

led to the development of such activities in which students would be able to construct, 

test, and revise their own models in an effort to make sense of a meaningful situation. 

These activities, collectively termed model eliciting activities, have proven to lead to 

significant forms of learning in a mathematical, developmental, and social perspective 

(Lesh & Doerr, 2003, p.5). In these activities, students are presented with a real-life 
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problem in the form of an article where background information about clients and their 

needs are presented in an open-ended fashion. Small groups of three to four students 

work together to find a solution that meets the needs of a particular client. The solution 

often calls for a mathematical model to be constructed, expressed, tested, and refined 

before it is presented in the form of a letter to the client.  This written letter allows for 

students to describe in detail how they came to their final solution, leaving a document 

trail of their thought process for themselves, teachers, and researchers alike.   In model 

eliciting activities, several modeling cycles are required in order for students to produce 

ways of thinking that are useful in developing a solution for their client.  One simple type 

of problem solving involves a four step modeling cycle described by (Lesh & Doerr, 

2003, p.17):   

1.  Description:  where students establish the model world in an effort to 
make sense of the real world situation. 
 
2. Manipulation: where students refine the model in order to generate 
predictions about the intended solution 
 
3.  Translation: where students use their original predictions and apply 
them to the presented real problem 
 
4. Verification:  where students evaluate their models and predictions in 
the context of the clients’ needs 
 

These cycles may involve sharable, manipulatable, modifiable, and reusable conceptual 

tools for constructing, describing, explaining, manipulating, predicting, or controlling 

mathematically significant systems (Lesh & Doerr, 2003).  

2.2 M ultitier ed T eaching E xper iments 

In order to study MEAs, researchers have proposed and implemented “multitiered 

teaching experiments” (see table 2.2), which are teaching experiments for students used 

as a context for teaching experiments for teachers, which in turn are used as the context 

for teaching experiments for researchers (Lesh 2000, p.200).  Lesh (2000, p.200) 

explained a primary goal of multitiered teaching experiments was to “focus on the nature 
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of developing ideas (or ‘smart tools’, models, or metaphors in which these ideas are 

embedded)”.  Lesh (2000) has used the term smart tool to describe powerful conceptual 

tools that could be applied in a myriad ways to solve problems.  

As first year teachers grow professionally, similar modeling cycles as described in 

section 2.1 occur as they construct their own teaching style, classroom management 

techniques, make sense of lessons and curricular goals for the present and future, and 

assessment methods or the need for refining existing methods.  Lipton et al. (2003) 

describe five stages of professional development from novice to expert teachers which 

are correlated to the simple problem solving cycle- “express, test, revise” described in the 

previous section (see Table 2.1). During the first year of teaching, novice teachers are 

following lessons and units that have been shared with them.  They are merely in the first 

phase of establishing or describing material to students and haven’t yet learned to account 

for student interactions.  Additionally, they are developing their own constructs and 

models to make sense of the lessons and units that have been given to them. 

Lipton (2003) describes advanced beginners and competent teachers as second 

and third year teachers respectively; both are in the manipulation phase of problem 

solving where they become more comfortable with modifying structured lessons and 

units to fit the needs of their students.  Proficient, often fourth year, teachers, are now 

starting to accommodate the unit plans they have been given and are making sense of 

why the curricular sequence is the way it is; that is, they are translating their novice 

predictions about their learning objectives into a useful tool that they can use to verify 

their current predictions and make other modifications in the future.  Although I have 

correlated each problem solving step with each developmental stage of a teacher, it is 

worth noting that all teachers, from novice to expert, can certainly go through this 

modeling cycle multiple times in any given stage of professional growth and may 

progress through these stages differently than what is described here.  That said, expert 

teachers are continually moving through this problem-solving cycle every day from year 

to year each time they teach a particular unit or lesson.     
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Pr oblem Solving Step Pr ofessional Development Stage T eacher  A ctions 

Description Novice Teacher Developing their own constructs and 
making sense of the structured lessons that 
have been shared with them 

 

Manipulation 

Advanced Beginner Teacher Modifying lessons and units to fit the 
needs of their students and their own 
curricular goals Competent Teacher 

Translation  

Proficient Teacher 

Accommodating units and lessons that 
have been given to them and starting to 
reflect on how this sequence compares 
with their novice predictions about 
learning objectives  

 

Verification 

 

All Steps, multiple times 
during a lesson and multiple 

times during the year from unit 
to unit 

 

Expert Teacher 

 Able to create and execute lessons that 
can be adapted to a variety of student 
learning styles, and can alter the lessons as 
they go to ensure mastery of content. 

T able 2.1  Pr oblem Solving Steps M ir r or ed in T eacher  Pr ofessional G r owth.  
(B ased on L ipton et. al, 2003;  L esh and K elly, 2000) 

 
 Model eliciting activities allow teachers, students, and researchers to gain 

valuable information about how students construct, test, and revise models.  Essentially, 

they are rich metacognitive tools that encourage students to express and refine their own 

thinking while simultaneously providing an opportunity for teachers and students 

themselves to gain insight on how the students are learning.  Thus, some of the most 

effective ways to change how teachers think about the nature of their students’ 

knowledge and become more familiar with students’ ways of thinking are by using model 

eliciting activities (Lesh & Kelly, 2000).  Implementing a model eliciting activity can 

then be thought of in three tiers: the student level tier, the teacher level tier, and the 

researcher level tier (see Table 2.2).  As students work together on a series of model-

eliciting activities in a particular discipline, they reveal how they are interpreting the 

situation by constructing, testing, refining, and documenting their thought process. As 

teachers develop guidelines for assessing students’ response or share tools in designing 
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other MEAs, they construct and refine models to make sense of students’ learning.  

Finally, researchers develop models to make sense of teachers’ and students’ modeling 

activities (Lesh & Kelly, 2000, p. 197).     

Tier 3:  

The Researcher 
Level 

Researchers develop models to make sense of teachers’ and students’ 
modeling activities.  They reveal their interpretations as they create 
learning situations for teachers and students and as they describe, 
explain, and predict teachers’ and students’ behaviors. 

Tier2:  

The Teacher Level 

As teachers develop shared tools (such as observation forms or 
guidelines for assessing students’ responses) and as they describe, 
explain, and predict students’ behaviors, they construct and refine 
models to make sense of students’ modeling activities. 

Tier 1:  

The Student Level 

Three-person teams of students may work on a series of model-eliciting 
activities in which the goals include constructing and refining models 
(descriptions, explanations, justifications) that reveal partly how they 
are interpreting the situation. 

Table 2.2 A Three Tiered Teaching Experiment (Lesh and Kelly, 2000, p.198)  

 

Because of the thought revealing nature of MEAs to students, teachers, and 

researchers, some of the most straightforward ways to help teachers become familiar with 

students’ ways of thinking are by using model-eliciting activities in which the teachers 

also produce descriptions, explanations, and justifications that reveal explicitly how they 

are interpreting student learning and problem solving situations (Lesh & Doerr, 2003) 

The three-tiered teaching experiment described in this section has been used with 

hundreds of expert teachers in order to help researchers develop six main guiding 

principles for designing instructionally useful activities such as MEAs (Lesh et. al, 2003). 

During a ten week series of studies, teachers worked with researchers in designing and 

implementing MEAs.  In turn, the students provided a document trail of thinking, while 

teachers tried to make sense of students’ models and assess them accordingly, teachers 

then provided researchers with a document trail of their assessment of student models. 

Researchers were then able to develop the following six guiding principles that are 

traditionally used in designing such activities: 
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   Personal Meaningfulness Principle 

   Model-Construction Principle 

   Self-Evaluation Principle 

   Model Externalization Principle 

   Simple Prototype Principle 

   Model Generalization Principle 

Not only are these principles used to guide the design of instructionally useful activities 

for students, but teachers can use these guiding principles as an assessment framework of 

student work (Chamberlin, 2004).  A detailed description of how these guiding principles 

can be used as an assessment framework will be discussed in chapter three.   The 

following section highlights several MEAs that have been used in the past to assess 

student learning from a developmental perspective.  These case studies provide empirical 

and theoretical foundations for developing a scoring rubric for student thinking that is 

discussed in the following chapter.   

   

2.3 MEAs of the Past as Assessment Tools 

One of the initial goals in MEA and models and modeling research and 

implementation was to observe and document the multiple modeling cycles that are 

required in order for students to produce ways of thinking that are useful (Lesh & Doerr, 

p. 4, 2003). The researchers who developed MEAs as a means to make student thinking 

visible also argue that it is the process by which students come to the solution that should 

be assessed rather than the product or final solution; accordingly the process is the 

product (Lesh & Doerr, p. 3, 2003).  MEAs in the past  have traditionally been used to 

understand students’ ways of understanding mathematical concepts and have also 

provided researchers with opportunities to use student artifacts and discussions as a 

means to evaluate shifts in student understanding (see table 2.3) (Diefus-Dux et. al, 2004; 

Lesh et. al, 2003; Zawojewski & Carmona, 2001).  For example, Lesh (2003) describes 

The Big Foot Problem that involved estimating how big a mysterious person was who left 

footprints while rebuilding a brick fountain in a neighborhood.  The central mathematical 
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idea that students need to use in the Big Foot Problem involves some form of 

proportional reasoning- perhaps based on linear relationships such as Y=(S)(X) where S 

is the factor for scaling up or scaling down from one situation to another.  The 

researchers tracked the summary of student transcripts (see table 2.3) during the one-hour 

problem solving session, and concluded that students had used the multiple-cycle solution 

described in the previous section as a means to come to a solution.  As time progressed, 

students’ predictions progressed from not recognizing that one student’s prediction was 

vastly different from another’s to focusing on trends across a sequence of measurements 

to being very explicit about footprint-to-height comparisons.  The critical analysis of 

student transcripts illustrated the fact that during the course of solving a single model-

eliciting activity, students often make significant modifications to their own current ways 

of thinking and engage in multiple modeling cycles as described in the previous sections. 
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Table 2.3 The Big Foot Problem: Student Artifacts & Processes Assessed. (Lesh & Doerr, p. 20-21, 2003) 

Model Eliciting 
Activity 

Published Student Artifacts/Transcripts/Field 
Notes 

Process Assessed 

(multiple-modeling cycle) 

 

 

 

 

 

 

The Big Foot 
Problem 

(Lesh and Doerr, 
2003) 

Wow! This guy’s huge. 
You know any girls that big! 
Those’re Nikes. The tread’s just like mine. 
 

Interpretation #1:based on qualitative 
reasoning: For the first 8 minutes of the 
session, the students used only 
qualitative judgments about the size of 
footprints for people of different size 
and sex.or wearing different types of 
shoes. e.g., 

A student puts his foot next to the 
footprint. Then, he uses two fingers to mark the 
distance between the toe of his shoe and the toe 
of the footprint. Finally, he moves his hand to 
imagine moving the distance between his fingers 
to the top of his head. So, if one footprint is 6”. 
longer than another, then students guess that the 
difference in height is also 6”.. That is, instead of 
thinking in terms of multiplicative proportions 
(A/B = C/D), the students are thinking in terms 
of additive differences. 
 

Interpretation #2:based on additive 
reasoning: At this point in the session, 
the students’ thinking is quite unstable. 
For example, nobody notices that one 
student’s estimate is quite different than 
another’s, and predictions that don’t 
make sense are ignored. Gradually, as 
predictions become more precise, 
differences among predictions begin to 
be noticed, and, attention focuses on 
answers that don’t make sense. Still, 
errors generally are assumed to result 
from not doing the procedure carefully. 

if my shoe is twice as big as yours, then I’d be 
predicted to be twice as tall as you. 
 

Interpretation #3: based on primitive 
multiplicative reasoning: Here, 
students. 
reasoning is based on the notion of 
being “twice as big” 

Here, try this..Line up at the wall..Put your 
heels here against the wall..Ben, stand here. 
Frank, stand here..I.ll stand here cause I’m 
about the same (size) as Ben . {She points to a 
point between Ben and Frank that’s somewhat 
closer to Ben}.{pause}. 
Now, where should this guy be?.Hmmm. {She 
sweeps her arm to trace a line passing just in 
front of their toes.}.{pause}. Over there, I 
think..{long pause}. Ok. 
So, where’s this guy stand? .About 
here. {She points to a position where the 
toes of everyone.s shoes would line up in 

a straight 
line.} 
 

Interpretation #4: based on pattern 
recognition: The students focus on 
trends across a sequence of 
measurements; and, footprint-to-
footprint comparisons are used to make 
estimates about height-to-height 
relationships. This way of thinking is 
based on the implicit assumption that 
the trends should be LINEAR.which 
means that the relevant relationships are 
automatically (but unconsciously) 
treated as being multiplicative. Here, all 
three students are working together to 
measure heights, and the measurements 
are getting to be much more precise and 
accurate. 
 

Everybody’s a six footer! 
(referring to six of their own feet.) 
 

Interpretation #5: Now, the students are 
being very explicit about footprint-to-
height comparisons. That is: A person’s 
height is estimated to be about six times 
the size of the person’s footprint. 
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Zawojewski and Carmona (2001) pointed out that transcripts of student problem 

solving strategies can be used descriptively to trace the development of students’ 

mathematical models (see table 2.4), which provided an opportunity to interpret students’ 

thinking. The model eliciting activity used to illustrate this point is The Paper Airplane 

Activity.  This activity was initially designed for graduate students to uncover their 

conceptions of drag.  It was adapted for middle school students by creating a newspaper 

article and an activity based on a paper airplane contest.  The activity provided data from 

three trial paper airplane flights for each of six teams: amount of time in air, length of 

throw, and distance from target.  Students were also given diagrams that illustrate the 

paths that airplanes might take and required to write a letter to students in another class 

describing how the data could be used to declare four different winners: best floater, most 

accurate, best boomerang, and best overall.    As the researchers analyzed student 

transcripts, they classified problem solving strategies into three clusters: use of 

representation, use of a similar a similar problem, and identifying the givens and goals 

(see table 2.4).  They provide evidence of the student groups using color highlighting to 

differentiate between time and distance in the data table and later circling subsets of data 

to group data from the same team as use of representation to make sense of the situation 

at hand.  The student group also related the speed of a baseball to the problem stating that 

floater airplanes “go slow for a long time.” Zawojewski and Carmona (2001) describe 

that students’ interpreted speed as time divided by distance, which is the inverse of speed 

as typically defined in physics classes but follows a convention used in baseball, and also 

related the idea of scaling from the big foot problem they had participated in.  Thus, 

students came to time divided by distance and scaled up by units of time, ultimately using 

similar problems to arrive at time squared divided by distance, a very complex definition 

for floater.  The problem solving strategy, identify the givens and goals, also revealed the 

group’s mathematical model as they revised and refined their definitions (givens) for 

each category (floater, boomerang, and accuracy) so they could proceed to use these 

definitions in finding the best overall airplane (goals).  The transcripts show students 
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frequently referring to the original problem statement and assessing whether or not their 

definitions were helping them to solve the problem. 

 

 
Model Eliciting Activity Published 

Student Artifacts/Transcripts/Field Notes 
Problem Solving Strategy 

Assessed 
 
 
 
 
 
 
 

The Paper Airplane Activity 
 

(Zawojewski and Carmona, 
2001) 

Al: Yeah, you’re right. Which ones are times? 
Mark ‘em. ..{pause} Here, we can use this, 
this,.. Where is it? Here. {referring to a yellow 
text marking pen}. …{long pause while he 
marks the time columns in the table}.  
 
Bob: How about these? {pointing to the 
column of time measurements for Path #2). 
Aren’t they times too? …Yep. They’re times. 
So mark ‘em. …So are these. {pointing to the 
column of time measurements for Path #2). 

 
 
Use a representation: At first, 
students interpreted time as 
distance in the table so they used 
color highlighter to differentiate the 
two subsets of data 

 
Group statements: 
Floaters were defined as “going slow for a 
long time” 
 
“If you stay up five times longer…then you 
oughta get five times more credit…So you 
oughta scale up, like in that “big-foot” problem 
we did. 
 
 
  

 
 
 
 
 
 
Use a similar problem: 
Mathematical constructs from 
baseball were brought to bear as 
they talked about how the speed of 
a baseball related to the problem.  
Speed was interpreted as time 
divided by distance, the inverse of 
speed, but what is commonly done 
in describing the speed of baseballs.  
 

Student Transcript: 
Al: What’s a boomerang? 
 
Bob: You know, it’s what those guys in 
Australia do…for hitting kangaroos and stuff. I 
saw ‘em on TV last week. You know. 
 
Carl: Yeah, I’ve seen one. They’re cool. You 
throw ‘em and they come back. …I saw a real 
one.  My uncle Tony had one. It’s hard to 
throw. …I never did get it to come back. 
Bob: So, what’s a floater? 
 
Al: I think it’s. It’s like this. {Al is using his 
hand to suggest moving very slowly through 
the air}. …Goin’ real slow. 
 
Carl: Mine was a pretty good floater. …But it 
didn’t go very far. It crashed pretty fast. 
 
Bob: Yeah, mine didn’t go slow. It went fast. 
But, it crash right away too.  

Identify the givens and goals: 
For each of these categories 
(floater, boomerang, and accuracy), 
students revised and refined their 
definitions  

Table 2.4 The Paper Airplane Activity. Student artifacts and Problem Strategies Assessed. 
(Zawojewski and Carmona, 2001) 
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Aliprantis and Carmona (2003) adapted The Historic Hotel Problem, an economic 

MEA traditionally used in undergraduate calculus classes, so that it could be used with 

middle school students.  In this activity, Mr. Frank Graham, from Elkhart District in 

Indiana, inherited a historic hotel. As part of the community, Elkhart Middle School had 

been assigned to help determine how much should be charged for each of the 80 rooms in 

the hotel in order to maximize Mr. Graham’s profit. Students were to develop a tool to 

help the client and describe their product using some sort of representational media in 

order to communicate the results to the class.  Students had to decide which method of 

representation would be the most useful. The researchers were then able to use student 

artifacts and field notes to develop different types of coding (see table 2.5) for students’ 

work, according to the representational systems that students used when solving this 

activity. They objectively coded the representational media into six categories: A-

algebraic, C-chart, G-graph, L-list, P- pre-algebraic, T-text. Then, they looked for 

consistency and mathematical procedures (see table 2.5) that different student groups 

used.  
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Model Eliciting Activity Published  

Student data & field notes 

Process Assessed 

 

 

 

 

 

 

The Historic Hotel Problem 

(Aliprantis and Carmona, 2003) 

A: Algebraic 
C: Chart 
G: Graph 
L: List 
P: Pre-algebraic 
T: Text (includes prose with numbers and 
signs like $). 

 

 

Type of Representational System 

Used 

1. Multiply the price by the 
number of occupied rooms. 
Multiply the maintenance fee 
by the number of occupied 
rooms. Subtract the 
maintenance cost from the total 
cost of the occupied rooms. 

2. Systematical comparison of 
different numbers of occupied 
rooms with the corresponding 
price 

           2a: and lowering number of          
occupied rooms by 5. 

 
    2b: and lowering number    

                   of occupied rooms by 1. 
3. Attempt to formalize 

algebraically an iterative 
process. 

4. Unfinished procedure. 
5. Introduction of formal 

terminology 
(economic/mathematical). 

 

 

 

Mathematical Procedure Used 

Yes or No Consistency in Procedure: Did 
students actually solve the problem 

the way they described to the client? 

Yes or No Correct Answer 

Table 2.5 The Historic Hotel Problem. Student Artifacts and Processes Assessed.  

(Aliprantis and Carmona, 2003) 

Framolino (2008) extended this method of analysis (see table 2.6) in The Last Ice 

Age MEA, one of the few that have been designed in a science context.  This activity was 

designed to engage students in creating a procedure for analyzing speleothem data to 

develop a method that scientists could use to analyze cave deposits from varying 

locations to help describe ancient climate conditions around the world.  Framolino (2008) 

then used student artifacts (see table 2.6) and a similar coding method as Aliprantis and 
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Carmona (2003) to organize the process in which students came to a solution.  Framolino 

(2008) looked for representational systems such as: P- picture/diagram, T-text, L-list, C-

chart, E-numerical equation.  Additionally, Framolino (2008) coded the expressions of 

stalagmite growth into categories: TR-tree rings, SS-segment size, RC- ratio concept and 

categorized problem solving procedures into three categories.  

These case studies exemplify multitiered teaching experiments in which students 

constructed useful tools as previously defined by Lesh (2000) in order to solve a 

particular problem while leaving a paper trail of thought processes so teachers and 

researchers could make sense of these models and accurately and objectively assess that 

process.  The following chapter refers to the student transcripts mentioned here and 

outlines a general framework for analyzing student work for future MEAs.     
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Model Eliciting Activity Published Student Data Processes Assessed 

 

 

 

 

 

 

 

 

 

 

 

The Last Ice Age Problem 

Framolino (2008) 

 

 

P - Picture or diagram 
T - Text 
L - List 
C - Chart 
E - Numerical Equation 

 

 

Representational System Used 

TR - Tree Rings 
TR = Expression Rejected 
SS - Segment Size 
RC - Ratio Concept 

Expressions of Stalagmite 
Growth 

A. Found some situations of similar 
growth in different stalagmites. 

B. Found two or three common fast 
periods across the different 
stalagmites. 

C. Found or looked for similar slow to 
fast growth pattern sequences 
(growth 
clusters) across the stalagmites. 

 

Data Patterns Discovered 

1. Single-measure model: Look for 
periods of fast stalagmite growth in 
CentralTexas. These fast periods 
indicate an ice age. 

2. Two-measure model: Find and 
compare stalagmite growth in both 
Central 
Texas and in North America and 
Europe or other parts of the world. If 
corresponding growth rates are 
faster in Central Texas than in 
Northern United States or Europe; 
then, it indicates an ice age. 

3. Three-measure model: Find and 
compare stalagmite growth in both 
Central Texas and in North America 
and Europe or other parts of the 
world. If corresponding growth rates 
are faster in Central Texas than in 
Northern United 
States or Europe, then this indicates 
an ice age; and use another measure, 
or apply to a new situation with a 
similar structure. 

 

 

 

 

Problem Solving Procedures 

Table 2.6 The Last Ice Age Problem. Student Data and Procedures Assessed. (Framolino, 2008) 
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Chapter 3: An Assessment Framework for MEAs 

3.1 Six Guiding Principles of MEA Design 
 

As mentioned earlier, to develop MEAs designers rely on six design principles to 

help students develop conceptual foundations for deeper and higher order ideas (Lesh et 

al., 2000). The following section briefly describes each principle and how the MEAs in 

the previous section satisfy each of these principles at the student-tier level (see figure 

3.1).  Teachers can also use the same design principles when developing accurate ways of 

capturing student thinking (Chamberlin, 2004), thus a brief description of this application 

is provided in a separate section.  

 

Personal Meaningfulness Principle 

 The first principle, the personal meaningfulness principle requires that the 

problem be realistic and relatable to students so they can draw on their own prior 

knowledge and experiences to help the specified client (see figure 3.1).  In the MEAs 

presented in the previous section, students were presented with background stories in the 

form of newspaper articles to familiarize them with the concepts that would be helpful in 

constructing a solution to the problem statement. The problem statement from the Big 

Foot Problem (see figure 3.1) was preceded by a reading and discussion in which 

students were introduced to the context and relevant information by reading and 

discussing a newspaper article about the famous tracker, Tom Brown, who lives in New 

Jersey’s pine barrens and who often works with police to help them find lost people or 

escaped criminals (Lesh & Doerr, 2003).  In the Paper Airplane Activity, students read an 

article about how to make a variety of different types of paper airplanes (Zawojewski & 

Carmona, 2001).  In the Historic Hotel Problem, the real-life context was given as a 

newspaper article that described a historic hotel in Indiana, and how it had changed 

owners through time. The article mentions how it has been difficult for all of them to 

maintain the historic architecture and ambience of the hotel, in addition to other 

responsibilities that a good hotel manager is required to do (Aliprantis & Carmona,2003).  
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The Big Foot Problem
Realistic Problem Satement:

The person who made this footprint seems to be very big. 
But, to find this person and his friends, it would help if 
we could figure out how big he is? ---- Your job is to 
make a �HOW TO� TOOL KIT that police can use to make 
good guesses about how big people are - just by looking 
at their footprints.

The Paper Airplane Activity
Realistic Problem Statement: 

Write a letter to students in another class describing how 
to use the data (amount of time in air, length of throw, 
and distance from target) to declare a winner for the 

following four categories of paper airplanes: best floater, 
most accurate, best boomerang, and best overall.  

The Historic Hotel
Problem Statement:

Develop a tool to help determine how much should 
be charged for each of the 80 rooms in the hotel in 
order to maximize Mr. Graham's profit, giving 
complete instructions on how to use. 

The Last Ice Age
Problem Statement:
Your task is to help the Brenda and Monica design a method that 
uses cave deposits from other areas to indicate past regional 
climate events. Write a letter that describes a method that will 
help scientists predict times when past ice age(s) occurred in 
North America and when Texas was cooler and wetter. Make 
sure your letter also explains how the scientists can analyze 
other cave deposits to describe other ancient climate 
conditions around the world.

Personal Meaningfulness 
Principle

Finally, in the Last Ice Age Problem, students read an article that described a cavern 

learning adventure experienced by two middle school students, Brenda and Monica, who 

were part of a joint learning adventure with The University of Texas at Austin (UT) in 

central Texas . In addition to the background story, students were also given authentic 

stalagmite data collected from three different caves found in central Texas (Framolino, 

2008). Framolino believed that in addition to the background story, middle school 

students are genuinely interested in caves and cave formation, especially in central Texas 

where most middle school students have visited a cave and could draw on those 

experiences while developing a solution to the problem.   

Figure 3.1 MEA Sample Problem Statements That Satisfy The Personal Meaningfulness 
Principle. (Lesh & Doerr, 2003; Zawojewski & Carmona, 2001; Aliprantis & Carmona, 
2003; Framolino, 2008) 

 

Model Construction Principle 

 The model construction principle states that the problem must create a need for 

students to construct an explanation, description, or representation of a mathematically or 

scientifically significant situation.  This allows for students to explicitly externalize their 

thinking during the problem solving session.  The problem statements (see figure 3.1) 
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that were presented to students typically followed the background stories presented in the 

previous section.  The Big Foot Problem explicitly asks students to develop a “how to 

toolkit” for police to use in determining who left the mysterious footprint by the fountain 

in the neighborhood.  From the student transcripts (see table 2.3) it is evident that 

students eventually developed the concept of scaling up as part of their solution (Lesh & 

Doerr, 2003).   

The problem statement from The Paper Airplane Activity explicitly asked students 

to use the data (amount of time in air, length of throw, and distance from target) to 

declare a winner for the four categories of paper airplanes: best floater, most accurate, 

best boomerang, and best overall.  The student transcripts (see table 2.4) from this 

activity, provide evidence that during the problem session, students externalized concepts 

of scaling up as they related to the Big Foot Problem they had done before as well as the 

mathematical construct of speed, which they interpreted as time over distance 

(Zawojewski & Carmona, 2001).       

 In the Historic Hotel Problem (see figure 3.1), students were asked to develop a 

tool to help determine how much should be charged for each of the 80 rooms in the hotel 

in order to maximize Mr. Graham's profit, giving complete instructions on how to use 

their tool. Additionally, students were told that all rooms are occupied when the daily rate 

is $60 per room. Each occupied room has a $4 cost for service and maintenance per day. 

They also have been told that for every dollar increase in the daily $60 rate, there is a 

vacant room.  The student transcripts (see table 2.5) from this activity illustrate that 

students used a variety of mathematical procedures and representational systems to come 

to a solution for their client (Aliprantis & Carmona, 2003).   

The Last Ice Age Problem (see figure 3.1) asked students to describe a method 

that would help scientists predict times when past ice age(s) occurred in North America 

and when Texas was cooler and wetter (although stalagmite data was given to student 

groups, it was not explicitly stated to use the data in the solution).  Analysis of student 

work showed that students used a variety of representational systems, expressed 
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stalagmite growth in a variety of ways, and used several different procedures and data 

patterns to come to a solution (Framolino, 2008).   

  

Self-Evaluation Principle 

 The self-evaluation principle requires clear criteria situated in the problem to 

ensure that students are themselves able to judge whether their solution is meeting the 

specified goals.  This allows teachers and researchers to avoid the perpetual questioning 

from students about whether they are “doing it right” and discourages teachers or 

researchers from guiding students thinking.  In the MEAs that were highlighted in chapter 

2, students are given the task of helping various clients with specific problems and the 

criteria for meeting those goals.  This excerpt of student dialogue (Lesh & Doerr, 2003) 

from The Big Foot Problem shows that students actively engaged in conversation in 

trying to make sense height-to-height relationships and estimates.  Here, all three students 

are working together to measure heights, and the measurements are getting to be much 

more precise and accurate based solely on their own discussion. 

 

  Here, try this..Line up at the wall..Put your heels here against the wall.. 

Ben, stand here. Frank, stand here..I’ll stand here cause I’m about the 

same (size) as Ben {She points to a point between Ben and Frank that’s 

somewhat closer to Ben}.{pause}. Now, where should this guy 

be?.Hmmm.  

{She sweeps her arm to trace a line passing just in front of their 

toes.}.{pause}. Over there, I think..{long pause}. Ok. So, where’s this guy 

stand? .About here. {She points to a position where the toes of everyone’s 

shoes would line up in a straight line.} 

 Students who worked on The Paper Airplane Activity also engaged in similar 

attempts at sense making and to self-evaluate their definition of a floater in the following 

excerpt (Zawojewski & Carmona, 2001):  

   Bob: So, what’s a floater? 
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Al: I think it’s. It’s like this. {Al is using his hand to suggest 
moving very slowly through the air}. …Goin’ real slow. 

 
Carl: Mine was a pretty good floater. …But it didn’t go very far. It 
crashed pretty fast. 

 
Bob: Yeah, mine didn’t go slow. It went fast. But, it crash right 

 away too. 
 

Framolino (2008) observed that while students were working on The Last Ice Age 

Problem, sometimes students would express confusion and would ask teammates for help 

or explanations.  At other times, students gathered around one desk pointing at and 

discussing the data as they voiced initial interpretations of the data.  For example, four 

out of seven groups initially perceived stalagmite growth as analogous to tree rings (see 

table 2.6).   

 

Model-Externalization Principle 

The model externalization principle requires students to document their thought 

process by describing, explaining, or representing their solution using tables, graphs, 

diagrams, or other methods. In The Big Foot Problem, students are explicitly asked to 

develop a “how to toolkit” (see figure 3.1) that police can use to make good guesses 

about how big people are - just by looking at their footprints (Lesh & Doerr, 2003). This 

task provides the students with the opportunity to externalize their thought processes as 

the tool they develop must be fully explained to the police.  In The Paper Airplane 

Activity (see figure 3.1), students are asked to write a letter to students in another class 

describing how to use the data (amount of time in air, length of throw, and distance from 

target) to declare a winner for the following four categories of paper airplanes: best 

floater, most accurate, best boomerang, and best overall. Zawojewski and Carmona 

(2001) found that students used a variety of problem strategies to illustrate how students 

determined the criteria for each of the categories.  The Historic Hotel Problem statement 

(see figure 3.1) asked students to develop a tool to help determine how much should be 

charged for each of the 80 rooms in the hotel in order to maximize Mr. Graham's profit, 
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giving complete instructions on how to use. However, students were required to describe 

their product through some type of representational media, in order to communicate their 

tool and its use to the other students and to Mr.Graham.  Aliprantis and Carmona (2003) 

found that students used a variety of representational systems (see table 2.5) to achieve 

this goal. Framolino (2008) also found similar uses of representational systems, 

procedures, and data patterns (see table 2.6) that students used to write a letter that 

described a method that would help scientists predict times when past ice age(s) occurred 

in North America and when Texas was cooler and wetter. Additionally, student groups 

from all of the above activities externalized their thinking as they presented their final 

models to other student groups in the class.  

 

Simple Prototype Principle 

The simple prototype principle requires ensuring that the model students develop 

will be as simple as possible yet still significant. The goal is for students to develop 

solutions that will provide useful prototypes for interpreting the problem at hand, but 

have the potential to be extended to other similar situations. For example, in The Big Foot 

Problem, one student described “if my shoe size is twice as big as yours, then I’d be 

predicted to be twice as tall as you.”  Although the mathematical idea that students need 

to use in The Big Foot Problem (see table 2.4) involves some sort of proportional 

reasoning perhaps based on linear relationships such as Y=(S)(X) where S is the factor 

for scaling up or scaling down from one situation to another; proportions are a powerful 

mathematical construct that can be applied to other situations as well.  Similarly, in The 

Last Ice Age Problem, students hunted for a pattern, trend, or regularity in a set of 

stalagmite growth data in order to visualize, explain or predict a relationship between two 

seemingly very different phenomena: stalagmite deposition and ice ages.  This 

understanding could be adapted to help students understand other structurally similar 

situations such as the development of a method to predict past ice ages embedding 

science concepts and processes within their constructed model (Framolino, 2008). 
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Model Generalization Principle 

The model generalization principle extends the simple prototype principle in that 

it requires students to ensure that the conceptual tool or method constructed is sharable 

and adaptable for other structurally similar situations (Framolino, 2008). For example, in 

The Big Foot Problem, in addition to developing a “how to toolkit” for the police, 

students had to make sure that their tool kit would also work for other footprints (Lesh & 

Doerr, 2003).  The Last Ice Age Problem is another excellent example of providing 

students with the opportunity to apply their solution to other scenarios.  Students were 

asked to write a letter that described a method that would help scientists predict times 

when past ice age(s) occurred in North America and when Texas was cooler and wetter 

(see figure 3.1). However, students had to extend their methods to ensure their letter 

explained how the scientists could analyze other cave deposits to describe other ancient 

climate conditions around the world (Framolino, 2008).  

3.2 A Multitiered Teaching Approach to MEA Assessment  
Two difficulties arise in the implementation of MEAs: (1) assessing the quality of 

the tasks involved in MEAs, and (2) assessing student knowledge demonstrated through 

MEAs (Wang et.al., 2009). Recall that by nature MEAs lend themselves well to multi-

tiered teaching experiments.  If implemented properly and the design of MEAs 

successfully meets each of the six principles presented in the previous section, students 

will partly reveal how they are interpreting a problem by constructing models to justify 

their solution (Lesh & Doerr, 2003; Zawojewski & Carmona, 2001; Aliprantis & 

Carmona, 2003; Framolino, 2008).  The Big Foot Problem, The Paper Plane Activity, The 

Historic Hotel Problem, and The Last Ice Age Problem illustrate the thought provoking 

nature of MEAs as a formative instructional and assessment tool. There are large amounts 

of published student artifacts, transcripts, data, and field notes describing students’ 

thought processes as they worked through these complex problems and used a variety of 

problem solving strategies to arrive at a solution. These case studies also provide some 

insight on how to begin to sort, classify, and track the “tools” students used based on 

common characteristics that emerged during each of the activities. However, the open-
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ended nature of the tasks and work in small groups increases the complexity of the 

analysis and the number of pedagogical decisions to be made by teachers. Because the 

students’ solutions to a problem-based task are unknown to a degree, the teachers need to 

design tools that are responsive to multiple solutions. Thus, designing tools for a 

changing context where teachers learn more about students’ thinking and complex work 

by students is a process of integrating knowledge of teaching and content, determining 

which variables are important to assess, and developing tools to aid teaching (Hjalmarson 

& Diefus-Dux, 2008). There is still little discussion in the literature on how in-service 

teachers evaluate the student work produced to assess the depth of understanding and use 

these activities as means of assessment. This section explores how to develop meaningful 

scoring rubrics for MEAs that can be used as both a formative assessment tool as well as 

a robust, quantitative, and efficient scoring tool.  

As teachers develop guidelines for assessing students’ response or share tools in 

designing and assessing MEAs, they go through similar express-test-revise modeling 

cycles as they construct and refine models to make sense of students’ learning. The 

design principles for MEAs at the student tier level can be mirrored at the teacher tier 

level (see table 3.1) and used as a systematic approach for assessing students’ work 

produced during implementation of MEAs (Chamberlin, 2004). Table 3.1 shows how 

using the six design principles at the student level translate to the teacher level in terms of 

assessing student work.   
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Design Principle Student Tier Teacher Tier 

 

Personal Meaningfulness 
Principle 

Requires that students are 
situated in a realistic and 

relatable problem 

Interpreting student work is 
situated in the context of teacher 
practice and a real and relatable 

problem for many educators 

 

Model-Construction Principle 

Requires students to construct an 
explanation, description, or 

representation of a 
mathematically or scientifically 

significant situation 

Teachers should develop a 
description, explanation, 

procedure, or justified prediction 
for interpreting their students’ 
work; thus requiring them to 

formulate an explanation of their 
students’ thinking 

 

Self-Evaluation Principle 

Criteria are clearly embedded 
within the problem so that 

students are themselves able to 
judge whether their solution is 

meeting the specified goals 

Teachers should be able to judge 
for themselves when they need to 

revise or extend their 
interpretations of the students’ 

work and thinking 

 

Model-Externalization 
Principle 

Requires students to document 
their thought process by 

describing, explaining, or 
representing their solution using 
tables, graphs, diagrams, or other 

methods 

Teachers sort, organize, 
categorize, document, and discuss 
student thinking/problem solving 
procedures within their teaching 

team 

 

Simple Prototype Principle 

Requires students to develop 
solutions that will provide useful 

prototypes for interpreting the 
problem at hand, but have the 

potential to be extended to other 
similar situations 

Teachers’ procedures/products 
provide a useful prototype for 

interpreting other students’ work 
and thinking 

 

Model Generalization 

Requires students to ensure that 
the conceptual tool or method 

constructed is sharable and 
adaptable for other structurally 

similar situations 

Teachers develop products that 
can be shared with other teachers 

and researchers and that can be re-
used themselves or by other 

teachers 

Table 3.1 A Multitiered Teaching Approach to Using MEA Design Principles as 
 MEA Assessment Principles for Teachers. 

(Based on Lesh & Kelly, 2000;Chamberlin, 2004) 
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Teachers design their classrooms in order to maximize learning. The classroom 

environment and tools are open to modification to continuously improve their 

functioning. The design process becomes more complex as the tasks assigned to students 

become more complex and teachers work in unfamiliar territory where students’ 

responses are not always predictable; as is the case with model eliciting activities 

(Hjalmarson & Diefus-Dux, 2008). Thus, interpreting student work is a real and relatable 

context of teacher practice (Chamberlin, 2004).  Therefore, developing a rubric to assess 

student learning during and after implementation of a model eliciting activity satisfies the 

personal meaningfulness principle at the teacher level.   

By definition the model construction principle requires students to construct an 

explanation, description, or representation of a mathematically or scientifically 

significant situation.  As teachers begin to examine student work and problem solving 

strategies, they develop descriptions, explanations, procedures, or justified predictions for 

interpreting their students’ work; ultimately, requiring them to formulate an explanation 

of their students’ thinking (Chamberlin, 2004). In The Big Foot Problem, researchers 

used student transcripts and field notes to track the changes in student thinking during 

one problem solving session.  Lesh and Doerr (2003) interpreted student thinking as 

moving from qualitative reasoning to additive reasoning to multiplicative reasoning to 

explicitly externalizing footprint-to-height comparisons (see Table 2.3). Zawojewski and 

Carmona (2001) focused on how students’ interpretation of data was represented as 

student groups described the criteria to declare a winner for the paper airplane contestants 

(see Table 2.4).  The problem solving strategies were then clustered into three main 

categories: use a representation, use a similar problem, and identify the givens and goals. 

Aliprantis and Carmona (2003) and Framolino (2008) used objective coding techniques 

to visually represent the types of representational media students used during the problem 

solving sessions (see Tables 2.5 and 2.6).  Although these examples illustrate how 

researchers have interpreted student thinking, teachers can also create “student thinking 

sheets” (i.e. rubrics) that require them to formulate an explanation of their students’ 
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thinking and may serve as a prediction of how future students may solve the associated 

MEA (Chamberlin, 2004). 

For the self-evaluation principle, teachers should be able to judge for themselves 

when they need to revise or extend their interpretations of the students’ work and 

thinking. To do this teachers will have to refer back to student work, transcripts, artifacts, 

and videotapes of the problem solving sessions (Lesh & Doerr, 2003; Zawojewski & 

Carmona, 2001; Aliprantis & Carmona, 2003; Framolino; 2008), to make sure that the 

student thinking sheet/rubric does in fact capture and explain students’ ways of thinking 

such that colleagues can later interpret in advance how students typically solve the 

associated MEA (Chamberlin, 2004). In this way, the clients that teachers are developing 

assessment tools for are other colleagues.  

Students express, test, and revise their thinking during MEA problem solving 

sessions as is evident in The Big Foot Problem, The Paper Plane Activity, The Historic 

Hotel Problem, and The Last Ice Age Problem (Lesh & Doerr, 2003; Zawojewski & 

Carmona, 2001; Aliprantis & Carmona, 2003; Framolino; 2008). In the same respect, as 

teachers sort, organize, categorize, and document student thinking/problem solving 

procedures they are situated in the same iterative process (express, test, revise) as they 

begin to unravel their own interpretations of student thinking over time (Chamberlin, 

2004). The process of creating an assessment tool that captures student thinking over time 

will be externalized as teachers discuss and come to a consensus with other teachers, thus 

satisfying the model externalization principle. 

To meet the simple prototype principle requires teachers to develop a solution that 

can serve as a useful prototype for interpreting other samples of students’ work 

(Chamberlin, 2004). For instance, Aliprantis and Carmona (2003) developed an objective 

coding strategy (see table 2.5) to illustrate student thinking in The Historic Hotel 

Problem. This process served as a useful prototype for Framolino (2008) as she organized 

and classified student’ thinking during The Last Ice Age Problem (see table 2.6).  

The collaborative nature of the teaching practice allows for teachers to develop  

individual assessment tools with the intent of  sharing the product with other teachers or 
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researchers and re-using them for successive MEAs (Chamberlin, 2004). Thus, the tool is 

sharable and adaptable for other structurally similar situations as defined by the model 

generalization principle.   

 

3.3 Development of Rubric 

As stated in section 2.1, Lesh (2000) has used the term smart tool to describe 

powerful conceptual tools that could be applied in a myriad ways to solve problems.  In 

the same respect, Hjalmarson and Diefus-Dux (2008) investigated development of 

‘presentation tools’ by three middle school mathematics teachers. The tools teachers 

designed related to the students’ oral presentations and discussions of their solutions 

(model externalization principle) to several different MEAs than the ones described in 

this report. The presentation tools differed in that one teacher focused primarily on how 

each group solved the activity from their initial ideas to their final product (see Table 

3.2), while, the other two teachers focused exclusively on the final product (i.e., the 

mathematical model the students developed) rather than group interaction, metacognition, 

and so on. The tools represent both an interest in mathematical content and mathematical 

process because teachers were interested in multiple aspects of the MEA. Hjalmarson and 

Diefus-Dux (2008) were then able to classify and develop a holistic framework for 

teacher-designed tools into two dimensions (see table 3.3): the first between individual 

and group products; the second dimension between the process and the product.    
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Hjalmarson and Diefus-Dux 
(2008)  

Development of Teacher Tools 

Presentation Outline Scoring Rubric 

• First thoughts 
• How you chose your group 
• Troubles 
• Plan to solve 
• How confident are you about 
your answer? 
• Read your letter 
• Questions 

• Which 4 employees 
should be hired? (3 
points) 

• Explain the method you 
used in detail to make 
this decision. (5 points) 

• How did you use the data 
provided to make your 
decision? (5 points) 

• Is your response in the 
form of a letter? (2 
points) 

Table 3.2 Teacher Developed Presentation Tools (Hjalmarson and Diefus-Dux, 

2008). 

 Process Product 

Group 

 

 

 

Individual 

Questions in a presentation about 
how the group came to its 
conclusions 

 

Questions in a presentation about 
individual contributions to the 
process 

Rubric analyzing the final 
solution produced by the group 

 

 

Questions in a presentation about 
individual contributions to the 
final solution (eg. What were 
your initial ideas?) 

Table 3.3 Presentation Tool Framework (Hjalmarson & Diefus-Dux, 2008). 

 

Additionally, Hjalmarson and Diefus-Dux (2009) and Yildirim et al. (2010) go on 

to describe how five of the six design principles have also been used as dimensions to 

assess student work and overall performance on MEAs in an engineering context (see 

table 3.4) .   
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Assessment Principle Diefus-Dux and Verleger 
(2009) 

Yildirim et. al (2010) 

 

Model Construction 

Does the mathematical model 
adequately address the 
complexity of the problem? 

 

Not Used 

 

 

Model Externalization 

 

 

Not Used 

Evaluates the level of detail and 
explicitness in the written 
procedure. Clarity of expression, 
correct grammar, and ease of 
reading are also assessed. Have 
the assumptions that were made 
been clearly stated? Has all 
information specifically requested 
by the client been included? 

 

 

Simple Prototype 

 

 

Can the client use the model on 
similar types of data and can the 
client modify the model for use 
in similar but different 
situations? 

Measures the refinement and 
elegance of the solution procedure. 
Is the procedure based on 
thorough application of 
mathematical/scientific concepts 
and principles? Have appropriate 
engineering ideas been used? Is 
the solution accurate and of high 
quality? 

 

Model Generalization 

 

Can the client reproduce the 
results using the test case data 
provided in the MEA? 

Assesses the degree to which the 
model is a working solution for 
the particular problem and future 
similar cases. Is the model robust, 
and can it be easily ‘handed over’ 
to others to apply in similar 
situations? 

 

 

Self-Evaluation 

 

 

Not Used 

Assesses the extent to which the 
solution has been tested and 
reflects thought and procedural 
revision. Have nuances or special 
conditions in the data or problem 
been uncovered and accounted for 
in the procedure? 

Table 3.4 MEA Assessment Principles. (Based on Diefus-Dux & Verleger, 2009;Yildirim et. 
al., 2010) 
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Combining the presentation tool framework (Hjalmarson & Diefus-Dux, 2008) with the 

assessment framework (Diefus-Dux & Verleger, 2009; Yildirim, 2010) provides a simple 

prototype (see table 3.5) for analyzing student work produced by effectively 

implementing MEAs. The principles can be divided into two dimensions: one dimension 

encompassing principles as a result of the product and the other dimension encompassing 

principles as a result of the process; each dimension can be graded on a five-point scale, 

indicating the degree to which the solution achieves or executes the principle. The scores 

across the four dimensions can be averaged to obtain an overall score (Yildirim et. al., 

2010). Thus, the process by which students come to the solution is what is assessed as 

well as the product or final solution, resonating with Lesh and Doerrs’ (2003) the process 

is the product concept.  This is a generalized version of a rubric that could be applied to 

any MEA in any discipline.  Clearly, as teachers become more comfortable with 

implementing MEAs, their assessment tools will likely evolve over time and descriptors 

specific to each MEA can be developed (Purdue University, 2011). The presentation 

outline described by Hjarlmason and Diefus-Dux (2008) can be used as a supplementary 

student reflection tool in order for students and teachers to see where and when student 

collaboration took place.  Student reflection tools as described by Yildirim et. al (2010) 

help students recall and then record significant aspects about what they have done (e.g., 

strategies used, ways the team functioned, etc.) so that the instructor might use this 

information to discuss with students the effectiveness of various roles, strategies, and 

levels and types of engagement. Reflection tools enable students to better develop their 

conceptual frameworks for thinking about learning and problem-solving by requiring 

them to reflect on aspects of the exercise or process just completed.  
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Assessment 
Framewor
k 

Assessment 
Principle 

1 2 3 4 5 

Process Self-
Evaluation 

Readily apparent 
that model not 
tested or revised. 
 
No feedback 
incorporated. 

Some, but 
insufficient, 
Model 
testing, 
revision, 
or feedback 
incorporated
. 
 
Nuances in 
data or 
problem not 
uncovered. 

Sufficient 
model testing, 
revision, or 
feedback 
incorporated. 
 
Some nuances 
in data or 
problem 
uncovered. 

More than 
expected 
model testing, 
revision, 
or feedback 
incorporated. 
 
Several 
nuances in 
data or 
problem 
accounted 
for. 

Very 
thorough and 
outstanding 
testing. 
 
Extensive 
revision of 
thought and 
model. 
 
Uncovered 
several 
nuances or 
special 
situations in 
data or 
problem. 

Model 
Externalizatio
n 

No clarity, 
understandability
, 
detail, or specific 
information 
requested. 

Some, but 
insufficient, 
clarity, 
detail, or 
specific 
information 
requested. 

Sufficient 
clarity, detail, 
or specific 
information 
requested (but 
warrants 
improvement)
. 

More than 
expected 
clarity, detail, 
or 
specific 
information 
requested. 
 
 
Assumption
s stated. 
 
Easy to read 
and good 
grammar. 

Exceptionally 
written. 
 
Very clear & 
easy to 
read. 
Grammar 
correct. 
 
Very highly 
detailed. 
 
Most or all 
assumptions 
stated. 
 
All 
requested 
information 
provided. 

Product Prototype Not accurate. 
Not based on 
concepts or 
appropriate 
ideas. 

Some, but 
insufficient, 
concepts or 
appropriate 
procedures 
applied. 
Some, but 
insufficient, 
accuracy or 
refinement. 

Sufficient  
concepts or 
appropriate 
procedures 
applied but 
warrants 
improvement. 
Sufficient 
accuracy or 
refinement. 

More than 
expected and 
correct use of 
concepts 
and 
procedures, 
including 
primary 
concept(s) 
targeted. 

Outstanding 
use of 
concepts 
and 
procedures, 
including 
primary 
concept(s) 
targeted; 
impressively 
exceeds all 
expectations. 

Model 
Generalization 

Model does not 
work or 
solve the 
problem. 

Model 
works only 
partially for 
specific 
situation. 

Model works, 
but only 
for specific 
situation. 
Addressed re-
use 

Model works 
for 
specific 
situation and 
will work 
partially for 

Model works 
for this 
and similar 
problems. 
Robust. 
Can be 
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somewhat. similar 
situations. 
Partially 
robust. 
Addressed 
re-use well. 

handed over 
to 
and used by 
others 
easily. 
Addressed 
re-use very 
well. 

Table 3.5 Generalized MEA Rubric. 
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Chapter 4: Applications to Practice 

 This work stems from the fact that objectively assessing student “mastery” of 

science, concepts without truly understanding how they are making sense of these 

concepts, continues to be one of the most difficult tasks I face as an educator.  Using 

multi-tiered teaching experiments (see table 2.2) as a lens for implementing MEAs 

provides both a mechanism to understand students’ thought processes and a medium for 

assessing aspects of learning.  Additionally, using the assessment framework outlined in 

the previous section offers benefits to students, teachers, researchers, and researchers in 

the field of science education.   

Students 

 As students work together to make sense of a task during an MEA problem 

solving session, they continuously self-evaluate and refine their models (Zawojewski & 

Carmona, 2001; Framolino, 2008). By design, MEAs allow students to respond to 

formative feedback via peer and self review, essential skills for success in a continuously 

working world that doesn’t assign an end-of project grade. Teaching students how to 

perform peer review and how to utilize constructive criticism for improvement is 

essential for their future and made possible via effective implementation of MEAs 

(Yildirim et al., 2010). Developing assessment tools for MEAs also provides numerous 

learning opportunities for students. First, students are able to (legitimately) see the work 

of other students. This provides them with a window on alternative ways to solve the 

problem. Second, students are asked to critically evaluate the work others – a high-level 

cognitive activity that they rarely encounter. Finally, students are engaged in the 

community practice of peer review, an obligation of mathematicians and scientists in 

practice (Diefus-Dux & Verleger, 2009). 
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Teachers 

 Using the multitiered approach to designing assessment tools for MEAs not only 

allows teachers to make sense students’ thinking, but promotes collaboration among 

teachers in expressing, testing, and refining these models (Chamberlin, 2004). As 

teachers construct models of students’ thinking in their own classrooms, they can work 

together with teachers in their teaching team to discuss holistic approaches students took 

to solve a particular MEA.  Teachers can use their own experiences for school-wide or 

district-wide professional development.    

Researchers and Field of Science Education 

 One important issue still needs to be resolved: the improvement of student 

learning. Although some means by which we can assess problem solving and conceptual 

understanding have been documented, research is needed to understand how MEAs might 

be used to improve students’ problem solving abilities and conceptual understanding of 

critical science concepts (Yilidirim et al. 2009).  As more MEAs are developed in the 

sciences, students and teachers can continue to work together in developing specific 

assessment frameworks for MEAs. Researchers can then use this data to generate greater 

understandings of the ways students and teachers learn and assess conceptual systems in 

science (Framolino, 2008). Much of the literature reviewed in this work describes 

advances made in the mathematics and engineering fields, but there is much work to be 

done in the realm of other science disciplines.  This type of information may eventually 

hold the potential to influence assessment practices exhibited in science classrooms and 

may even effect change at the district, state, or national level.  
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