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Abstract 
 
This study suggests that a perceived lack of student ability to perform mathematical 
operations in a science context is not the cause of poor problem solving skills among high 
school physics and chemistry students.  Rather, the deficiency appears to be rooted in 
students’ ability to apply and comprehend mathematical meaning.  A treatment was 
developed to help strengthen Modeling students’ reasoning and mathematical 
comprehension skills.  A series of prompting techniques was used to help students focus 
attention on the meaning and implications of their answers to problems and to shift 
emphasis away from the importance of the numerical answer itself.  Additionally, in the 
chemistry study, an attempt was made to help students develop a mathematical model for 
ratios. 
 
The primary prompting techniques used in this study were:  
 

a) asking for meaning in the answer – physics and chemistry students were 
required to complete problems with a statement explaining the meaning of their answers. 
Students were also required to verbally explain the meaning and implications of their 
answers when presenting their assigned question to the class. 

b) time unit analysis – physics students were encouraged to break many of the 
questions down by asking themselves the question “what is happening every second?” 
This acted as both a way to examine the meaning of the information given in the problem 
as well as a starting place for problem analysis. Many students developed the ability to 
solve a number of kinematic problems simply by considering problem from a per second 
or per minute basis. This type of analysis also helped many students better understand the 
physical meanings and implications of their answers. 

c) asking for meaning in the process – chemistry students were asked to explain 
the meaning of several steps in the stoichiometry problem solving process.   
 
Other, more common prompting techniques were also employed such as asking the 
questions “and then what?”, “you tell me”, and “how do you know?” to help students 
continue their own reasoning processes rather than relying on answers or step-wise 
instructions from the teacher. 
 
This study suggests that by carefully emphasizing core relationships and prompting 
students for explanations and interpretations of the meaning of both the problem itself, 
steps in solving the problem, and, most especially, of the answer to the problem, that an 
increase in the quality of student discourse, unit test scores, and FCI, CCI, and MCI test 
scores was achieved.  
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Rationale 
 
In our experience as high school science teachers, we have observed that students often 
struggle with lessons, topics, and units that require mathematical knowledge.  It was 
assumed that this was due to a lack of operational ability in our students; however we 
have learned that while this is true in some cases, the obstacle for most students is their 
inability to apply their mathematical skills within a science context.   
 
Math is commonly taught as a series of steps or procedures that must be performed on a 
set of symbols with little or no emphasis on either the meaning of the symbols or the 
reasoning behind the steps and procedures. Students learn to read a math problem, 
identify the “type” of problem (often through contextual clues, e.g., the section of the 
book, rather than through analysis of the problem itself), and then apply a predetermined 
series of manipulations to arrive at the correct answer. Thus conditioned, students carry 
this behavior over to the science classroom where they attempt to learn the “steps” to 
solving a physics or chemistry problem.  Their common questions are “what equation do 
I use?” and “did I get the right answer?”   
 
In science, students find that the contextual clues they have learned to recognize are 
absent.  When questioned, we find they are unsure about the meaning of symbols and 
have difficulty expressing the relationships between variables in an equation.  Further, 
once they find “an answer” they often do not understand the meaning of that answer.   If 
students have a stronger conceptual understanding of math (rather than a strictly 
procedural understanding) many of these problems in the science classroom would 
diminish.  Students would be better prepared to read, analyze, and interpret scientific 
data.  
 
Research shows the modeling approach to be extremely effective in building these 
conceptual understandings.  Even modeling students often demonstrate an inability and 
unwillingness to move from their reliance on procedure to a reliance on a conceptual 
understanding of the problem and its conditions.  While one of the key components of the 
modeling method is Socratic questioning, we believe that students will benefit from a 
more formalized and focused set of prompts than a standard questioning strategy may 
allow.  Ideally, these questions will help students in their explanations of the meaning and 
implications behind the math, graphs, drawings, and ratios, all within the context of a 
science problem, and will also help shift focus away from the importance of a numerical 
answer.  As a result, our treatment will strengthen students’ reasoning, mathematical 
comprehension, and problem solving skills.  
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Literature Review 
 
Research has shown that the mathematical ability of incoming science students plays a 
significant role in student performance in the science classroom.  Philip Sadler and 
Robert Tai (2007) have shown that the two largest predictors for success in college 
science is a student's previous exposure to the specific discipline (biology, chemistry, 
physics, etc.) and background in mathematics. In a report for the US Department of 
Education, the American Institute for Research (2007) analyzed the results of the 2003 
TIMMS and PISA tests and found that students' math ability becomes an increasingly 
influential factor in determining science performance as a student moves through school.  
As H.T. Hudson (1982) pointed out in his study: 
 
 “The implication is that if students had a better grasp of algebra and trigonometry 
and could reason better in the abstract they would do better in the study of physics (a 
conclusion that could  probably be advanced by any teacher without any correlated 
study).” 
 
It is not uncommon to focus on the first part of Hudson’s statement and neglect the later; 
i.e., that many science classes, physical sciences in particular, generally have a math 
prerequisite and begin with a review of mathematical concepts and operations.  Still other 
science courses require students to pass a mathematics assessment to stay in the class 
(Latkin, 1974).   
 
A limitation to this approach is that mathematics literacy is frequently defined by math 
(and science!) teachers as the ability to perform specific computations with little if any 
context attached.  Students are considered to be competent once they have demonstrated 
their ability to perform a certain set of skills and processes.  But, as Richard Lesh (1985) 
points out, using a concept requires a lot more than simply “having” a concept.  Students 
often walk away from their math classes with knowledge of several math procedures but 
nothing to link those procedures to each other or to any context. Students have developed 
“lists” of definitions and procedures but this does not mean that they have mastered the 
concept.  Lesh goes on to show that the most effective techniques for facilitating this 
missing cognitive development involve broadening the conceptual base, NOT “artificially 
accelerating acquisition of isolated skills or concepts.”  Studies in problem solving have 
shown that there is an important interaction between basic concept and applied processes; 
the two cannot be effectively separated.   
 
The Modeling approach has been put forth by several researchers as one of the best ways 
for students to develop these conceptual links between processes and applications.  Helen 
Doerr and Joseph Tripp (1999), Halloun and Hestenes (1985), and Colleen Megowan 
(2007) all show that important connections in student thinking occur through the use of 
technology, manipulatives, conjectures, impasses to progress, and questioning.  These are 
fundamental components to the modeling process.  This encourages students to pull back 
from the details of symbolic operation in order to see the “big picture” - the relationship 
between symbol and meaning.    
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Why do some modeling students perform better than others?  To answer this, it is useful 
to examine the second half of Hudson’s statement: if “students could reason better in the 
abstract they would do better in the study of physics.”  Vincent Coletta (Coletta, Phillips, 
Steinert, 2007) showed that there is a correlation between students’ scores on Lawson’s 
Scientific Reasoning Test and their scores on the Force Concept Inventory.  He suggests, 
like Hudson (1982), that a student’s ability to reason will greatly affect their conceptual 
understanding and ability to problem solve.  Rather than focus on operational 
mathematical ability, we may need to focus, instead, on reasoning ability.  It is possible 
that the aforementioned ties between math level and science performance are not due 
solely to proficiency in mathematics operations but rather proficiency in mathematics 
reasoning; that students who continue their math studies either already have or develop 
higher reasoning skills.  
 
How, then can science teachers build on this?   
 
The Modeling approach uses group discussions and Socratic questioning methodology to 
help students build models and construct understanding.  Teachers frequently prompt 
their students with questions like: “and then what?”, “you tell me”, and “how do you 
know?” to help students reason through to a problem solution.  
 
This study suggests that the problem solving skills and comprehension level of chemistry 
and physics students can be improved through a development of a more formalized and 
extended series of prompting techniques.  In particular, the prompts should encourage 
students to engage the problem and solution in a deeper, less superficial level than some 
of the more common prompting techniques allow.  These techniques will be used to help 
students focus attention on the meaning and implications of their answers to problems 
and to shift focus away from the importance of the numerical answer itself, improving on 
their ability to reason through a problem. 
 
 
Procedure for Treatment 
 
1. Pre-assessment of student abilities. 
 
During the first week of school, we determined the baseline ability level of our students 
in two ways.  First, we gave the Math Concept Inventory (MCI), a tool used to assess 
basic algebraic and graphing skills.  This helped us determine the abilities of our students 
to perform basic algebraic manipulations (solve for x, find the slope, etc) as well as to 
explain, analyze, and otherwise interpret mathematical graphs and solutions.   The MCI 
has shown high internal consistency according to Sharon Osborn Popp.  Please see 
Appendix for details.  Secondly, we gave the Force Concept Inventory (FCI), a tool used 
to assess students’ conceptual understanding of basic Newtonian mechanics, to the 
physics students and the Chemistry Concept Inventory (CCI), a tool used to assess 
students’ understanding of physical and chemical interactions, to the chemistry students 
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to assess the students understanding of the fundamental ideas of physical and chemical 
interactions. 
 
2. Permission. 
 
No student who is 18 years of age or older was included in the study without their 
authorization provided by their signature. No student who is 18 years of age or older was 
photographed or videotaped without their authorization provided by their signature. If 
students were not 18 years old, then permission to participate in the study, to be 
photographed, or to be videotaped was gathered from the parent or legal guardian of the 
student. If permission was not granted to include a student in the study, the results of any 
assessments were not included in the study. If permission was not granted for 
photography or videotaping, then those students were not photographed or videotaped. 
 
3.  Treatment 
 
The treatment varied slightly between the two treatment groups in accordance with the 
corresponding Modeling subjects, physics and chemistry.  At the core of each treatment 
was an added emphasis of mathematical comprehension to the developed models and 
constructed understanding as part of the modeling curricula.  The modifications of the 
curriculum for the treatment were reasonable modifications and within the investigators’ 
discretion as teachers.  
 
Physics 
 
The treatment was incorporated into physics modeling units 1-6 and 8.  These units are 
introductory topics, constant velocity, constant acceleration, equilibrium, forces, and 
projectile motion.  The physics investigator completed unit 8 prior to unit 7 (energy) due 
to time constraints during the first semester. 
 
The general method for working through each unit was as follows: 
 
a) Each major concept was introduced as usual with the appropriate modeling paradigm 
lab. 
 
b) Students were required to write a statement analyzing homework and discussion 
problems in terms of a time unit breakdown; students had to answer the following 
question for appropriate problems: What is happening every second? 
 
c) Students were required write a statement about the meaning of their answer (interpret 
their results) to mathematical solutions on homework and discussion questions. 
 
d) As we worked through each homework worksheet, the treatment classes voted on 
whether they needed additional instruction on key mathematical operations.  If the 
majority wished additional review, a worksheet covering key manipulations was created 
and given to the students.  The topics that were covered under this were: 
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Unit conversions (unit 1) 
Slopes and rates (unit 2) – almost unanimous 
Graphical interpretation (unit 3) – almost unanimous 
Algebraic manipulation (unit 3) 
Trig functions (unit 4) – almost unanimous 
Solving simultaneous equations (unit 6) 
 
e)  Each unit ended with a summative assessment of the unit of study. 
 
 
Chemistry  
   
The treatment was incorporated into math intensive units 2, 5, and 7 of the standard 
Chemistry Modeling curriculum dealing with the concepts of behavior of gases, numbers 
and masses of particles and elements, molar masses, and stoichiometry.   
   
a) Each major concept was introduced with the appropriate modeling paradigm lab or 
demonstration.  
   
b) During whiteboard discussions, students were required to write a statement analyzing 
their group's assigned problem or graph in terms of the relationship between variables.  
Additional questioning prompted students to consider the effect a change in one variable 
would have on another.  For example, how would the volume of a gas change if the 
temperatures were increased?  
   
c) The stoichiometry unit was introduced with an activity designed to review basic 
chemistry concepts and stress the meaning of steps in the stoichiometric process prior to 
using a Before-Change-After (BCA) table that was developed in the Chemistry Modeling 
curriculum.  A detailed explanation of this can be found in the Appendices.     

d) As we worked through the mathematics intensive units, we reviewed math concepts 
and operations as classroom warm-up exercises.  These included:  
   
Unit conversions (all three units)  
Graphical interpretation (unit 2)  
Exponents (unit 5)  
Multiplication and division of multistep problems (all three units)  
Calculator operation (all three units)  
   
e) Each unit ended with a summative assessment.   
 
 
4. Assessment. 
 
The assessments varied slightly between treatment groups.  
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Physics 
 
The students were assessed in five ways.   First, the students took the MCI at the end of 
units 3 and 6.  Second, the FCI was given at the end of unit 8.  Third, several students 
were interviewed at the end of the year with a challenging problem utilizing the think-
aloud protocol.  Fourth, the unit test scores were kept and compared against test scores 
for students from previous years.  Finally, field notes were kept on the details of the study 
and student interactions during discussions. As a point of interest, a survey was also 
given to the students to be completed anonymously in order to gauge student response to 
the treatment. 
 
 
Chemistry 
 
The students were assessed in five ways.  First, the students took the MCI during the first 
week of school and again at the end of the school year.  Second, as with the MCI, the 
students took the CCI at the beginning and end of the school year.  Third, several students 
were videotaped during the final exam review explaining a problem solution.  Fourth, 
unit tests were kept and overall scores and performance on specific problems were 
compared against students from the previous school year.  Fifth, field notes and 
interviews were kept of students during mathematical model development.   
   
   
5.  Modifications from the proposal:  
 
It was originally thought that the only interventions necessary to close the gap between 
student mathematical understanding and science application would be to review specific 
types of algebraic manipulations.  The data provided by the MCI pre-test showed the 
fallacy of this thought; it was not the student comprehension of algebraic concepts that 
was at issue but rather their understanding of the meaning and application of those 
manipulations.   
 
The MCI, FCI and CCI data was originally to be compared against scores from a 
modeling control group.  However, all the control groups returned either no data or 
incomplete data.  To form a comparison between the results of the treatment versus a 
standard modeling class, it was necessary to fall back to a comparison of unit test scores 
from the physics and chemistry students from the year previous to the treatment.   
 
 
Demographics 
 
Physics 
 
The physics treatment group consists of 124 general physics students from Mesa High 
School in the Mesa Unified School District.   
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The Mesa High School student population is 48% White, 45% Hispanic, and 6% African 
American, Native American, and Asian.  Mesa has 43% of its students on the free and 
reduced lunch program and 8% of its students are currently English Language Learners 
(ELL).  
 
Of the 124 physics students in the study, 50% are White, 43% Hispanic, and 7% are 
African American, Native American, and Asian.  There are slightly more female students 
in the study than male with a 55% female to 45% male ratio. One third (33%) of the 
students in the study do not speak English at home; of these, 32% speak Spanish and the 
other 1% speaks Japanese and Filipino once they leave school.  This is shown below in 
Figure 1 and Figure 2. 
 

 
Figure 1: Ethnicity of physics students 
 

 
Figure 2: Primary language of physics students 
 
The math level of the physics students also varies widely.  Of the 124 students, 12 are 
either taking Algebra 1 or are enrolled in Standards or Applications which are classes for 
students who have taken Algebra I and either failed to pass or have passed but are not yet 
ready for Algebra II.  Fifty-one students are enrolled in Algebra II, 7 in Honors Algebra 
II, 31 in Trigonometry, 6 in Trig-Pre Calculus, and 2 in Calculus.  Fifteen students are not 
enrolled in a concurrent math class at all.  Since students must take three years of math 
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courses for graduation, it is assumed that most of the students who are not enrolled in a 
math course have completed Algebra II. (See Figure 3.) 
 
Mesa High offers its students two choices for physics classes – General Physics or AP 
Physics (AB), both of which are taught as first year physics classes.  If a student does not 
feel ready for a college physics class, they must take General Physics.  This leads to a 
wide variation in student abilities. 
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Figure 3: Concurrent math courses for physics students 
 
 
Investigator Two: Chemistry  

The chemistry treatment group consists of 54 general chemistry students from Fountain 
Hills High School in the Fountain Hills Unified School District during the 2008-2009 
school year.  There were 52 students in control group from the same school but the 2007-
2008 school year.   
    
The Fountain Hills High School student population is 87.3% White, 5.4% Hispanic, 1.2% 
African American, 4.2% Native American, and 2.0% Asian.  (See Figure 4.) Fountain 
Hills has 5% of its students on the free or reduced lunch program and 0.5% of its students 
are currently English Language Learners (ELL).  
   
Of the 54 chemistry students in the study, 96% are Caucasian and 2% each Hispanic and 
Native American.  There are slightly more female students in the study group than male 
with a 52% to 48 % ratio. Only 2 % of the students in the study do not speak English at 
home (one speaks Spanish, the other German).  
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The control group was 98% Caucasian and 2% Hispanic.  The male to-female-ratio was 
63% to 37 %.  Two percent of the students did not speak English at home.   
   
 
 

Ethnicity and Native Language of Chemistry 
Students

96%

2%
2%

Caucasian
Native Am
Hispanic

 
Figure 4: Ethnicity and native language of chemistry students 
 
The math level of the chemistry students also varied widely.  Of the 54 students in the 
study, 7% are taking Math Standards which are classes for students who have taken 
Algebra I and either failed to pass or have passed but are not yet ready for Algebra II, 2 
% are taking Geometry, 61% are enrolled in Algebra II, 4% in Honors Algebra II, 6% in 
Advanced Algebra, 13% in Trig-PreCalculus, and 4% in AP Calculus.  Additionally, 4% 
of students are not enrolled in a concurrent math class because of scheduling or they have 
met the math requirement for graduation.   (See Figure 5.)  
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Figure 5: Concurrent math class for chemistry students 
 
Fountain Hills offers its students three options for chemistry classes – Introduction to 
Chemistry for students without prerequisite math or science achievement, General 
Chemistry, or Honors Chemistry, all of which are taught as first year chemistry classes.  
A second year AP chemistry class is also offered.   
 
Prior to enrolling in chemistry, 94.4 % of the students had either met or exceeded the 
mathematics portion of the AIMS test while 5.6 % approached.  In the control group from 
the 07-08 school year, 100% of the students had met or exceeded on AIMS prior to 
enrollment.  (See Figure 6.) The mean for the treatment group was 65.30% with a 
standard deviation of 10.02 while the mean of the control group was 66.23% with a 
standard deviation of 8.11.  A two-sample t-test with unequal variance showed that there 
is no statistical difference between means (p = 0.60).   
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Figure 6: AIMS scores of chemistry students 
 

Physics Results 
 
MCI Pre-Test 
 
The Math Concept Inventory (MCI) was given three times, once before the treatment, 
once during, and again after treatment.  
 
Out of the 124 students tested, 54 scored at or above 70% with mean of 63.7%.  (See 
Figure 7.)  These results are higher than was expected given previous physics students’ 
standard classroom performance.  To more fully understand the student performance, a 
question analysis was performed.   
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Figure 7: MCI pre test scores for physics students 
 
Over 90% of the students tested answered questions 1, 2, 9, and 11 correctly.  Over 70% 
answered questions 10, 13, 14, 16, 17, 18, 21, and 23 correctly.  The questions students 
struggled with the most were 5, 6, 19, 20, and 22.   
 
When comparing these results to the types of questions on the MCI, it became apparent 
that most of the students were competent with mathematical mechanics.  The questions 
on which the students scored best asked them to perform simple rote calculations (solve 
for x, calculate the slope, etc).  The questions that the students struggled with the most 
were those that asked them interpret the mathematical and graphical meanings or that 
required use of proportional reasoning in order to solve. 
 
 
MCI Mid-Test  
 
The students were given the MCI test again at the midway point through the treatment.   
 
The data was even more right skewed than the pre-test.  The mean increased from the pre 
test to 72.5%.  Of the 124 students tested, 84 scored at or above a 70%.  (See Figure 8.) 
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Figure 8: MCI mid test scores for physics students 
 
A question analysis was also performed on the MCI mid-test.  While questions 5, 6, 19, 
20, and 22 are still among the lowest scoring, the number of students who answered those 
correctly increased considerably from the pre-test; over half of the students were now 
able to answer questions 5, 6, 20, and 22 correctly. 
 
A paired t-test was performed on the pre and mid MCI test scores.  The two tailed p-score 
was 7.07x10-7 which shows that the null hypothesis of equal test scores was rejected; 
there was a statistically significant increase in test scores.   
 
A Hake gains analysis was also performed.  Student scores showed a normalized gain of 
0.24 between the pre and mid MCI tests. 
 
 
MCI Post-Test 
 
The post test was given in mid December, shortly before school let out for winter break.  
While the maximum and minimum scores did increase slightly, the overall test average 
between mid and post test did not change.    
 
The mean score for the 124 students who took the test was 72.8%.  Of the 124 students, 
88 scored above 70% on the post test.  This closely matches student performance on the 
mid MCI test.  (See Figure 9.) 
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Figure 9: MCI pre, mid, and post comparison for physics students 
 
 
The question breakdown for the MCI post test shows that most of the questions saw a 
decrease in the number of times it was answered correctly. The questions dealing with 
graphical analysis showed the largest decreases. (See Figure 10.) 
 
Student performance on the questions involving simple mathematical mechanics 
decreased slightly from the mid-test results with an average decrease of about 2% per 
question.  The questions dealing with interpretation, analysis, and proportional reasoning 
did not fair as well with a mean decrease of about 10% per question from the mid test.   
 
These decreases could be due, in part, to the timing of the test.  The students were eager 
for their holiday break and were not as focused on this test as they were on the mid test.  
A large portion of the MCI test also deals with graphical analysis and the students had not 
been practicing these skills as much in the most recent force units as they had in the 
kinematic units.   
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Figure 10: MCI pre, mid, and post question analysis comparison for physics students 
 
A paired t-test was performed between the mid and post MCI scores.  The two tailed p-
score was 0.81 showing that we failed to reject the null hypothesis that the means 
between the mid and post test are the same.  Students showed no statistically significant 
increases or decreases in their performance between the two tests. 
 
Students showed a normalized gain of 0.018 between the mid and post test.  This result 
agrees with the two tailed t-test analysis; there is no significant gain between the MCI 
mid and post tests. 
 
A paired t-test was also performed between the pre and post MCI test scores.  The two 
tailed p-score was 3.8x10-6, rejecting the null hypothesis that the two tests had equal 
means.  The students showed a statistically significant increase in test means between the 
pre and post MCI tests.  This is unsurprising as the test means between mid and post test 
were statistically the same and there was a significant increase shown between pre and 
mid test. 
 
The normalized gain between pre and post test was 0.25.   
 
While it is clear that the mean scores on the MCI test increased significantly between the 
pre and post test, it is unclear how much of those increases were due to the Modeling 
curriculum and how much was due to the treatment.   
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FCI Pre-Test 
 
The students were given the Force Concept Inventory Test at the beginning of the year, 
pre-treatment.  The mean percent score was a 24%.  These are typical pre test scores for 
most first year physics students.  (See Figure 11.) 
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Figure 11: FCI pre test scores for physics students 
 
 
FCI Post-Test 
 
The post FCI test was given at the end of the first semester Modeling curriculum which 
was toward the end of January, roughly a month after the post MCI test.  Students, 
unsurprisingly, scored significantly better on the FCI post test than they did on the pre 
test.  The mean score was 63%.  (See Figure 12.) 
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Figure 12: FCI pre and post test comparison for physics students 
 
The mean percent score of 63% was lower than students I have taught in prior years.  My 
students traditionally post means closer to 70%.  This change may be due, in part, to the 
increased number of English Language Learners in my classes this year.  Many of these 
students expressed difficulty understanding what some of the FCI questions were asking;  
the students struggled with the length of the questions and the complexity of some of the 
non-technical vocabulary.   
 
To further explore this, a two-sample t-test (assuming unequal variance) was performed 
to compare the means between the percent test scores of the students who spoke English 
at home versus the average percent test scores of the students who spoke Spanish at 
home.   The null hypothesis that the two means would be the same was rejected (p-score 
= 2.4x10-6).  The post test score mean of 66.6% for the native English speakers was 
statistically significantly higher than the post test score mean of 53.7% for the native 
Spanish speakers.  This suggests that the language of the FCI test could be a significant 
factor to this difference.  
 
Another contributing factor to the overall reduction of FCI test scores compared to 
previous years’ scores could be that the students did not take the test as seriously as past 
students have.  In past years, student scores on the FCI directly impacted student grades.  
The FCI had no direct impact on student grades this year and so it is reasonable to 
conclude that this lower level of concern negatively affected the overall scores.  
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A paired t-test analysis showed a two tailed p-score of 5.2x10-50 rejecting the null 
hypothesis that the means of the pre and post FCI tests are the same.  There was a 
statistically significant difference between the mean scores on the two tests. 
 
The normalized gain between the pre and post test were calculated at 0.52.   
 
While it is clear that the student scores increased significantly, the increases were not as 
large as expected and so it is difficult to say how much of the increase was due to the 
Modeling curriculum and how much was due to the treatment.   
 
Unit Test Scores 
 
While three other Modeling teachers had initially agreed to provide control data on the 
MCI and FCI tests, none of them provided complete data.  In an attempt to provide a 
comparison between Modeling versus Modeling with the treatment, unit test scores from 
the previous year were compared with the test scores of the treatment group.   
 
A two-sample t-test assuming unequal variance test was performed for the 5 units 
appropriate to the study. The introductory unit and constant velocity units showed no 
statistically significant change in means (p-score = 0.86 and 0.35, respectively).  The 
other units, however, did show a statistically significant increase in the mean test percent 
score.  The constant acceleration unit (p-score = 0.02), static forces (p-score = 0.03), 
projectile motion (0.02), and unbalanced forces (p-score = 0.02) unit analysis all rejected 
the null hypothesis of equal means.  
 
Since the general physics classes from both years were taught the same Modeling 
curriculum with the same teacher, it is reasonable to conclude that the treatment had a 
positive correlating effect on the performance of the students.  The major difference 
between the two sets was that the treatment group had a larger percentage of English 
language learners.  
 
 
Video Interviews 
 
Five video interviews were conducted toward the end of the school year utilizing a 
modified think-aloud interview protocol.  The question posed to each student was:  
 
A	  car	  starts	  from	  rest	  and	  accelerates	  to	  a	  speed	  of	  36	  m/s	  in	  9	  seconds.	  	  How	  far	  has	  the	  car	  
traveled	  in	  this	  time?	  
 
Interview students were chosen in such a way as to represent a cross section of all “types” 
of physics students in the treatment group – a mix of gender, math ability, participation in 
class discussions, and class grade.  The following discussion includes excerpts from the 
interviews; complete interview transcripts for each student can be found in the appendix.  
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The first student was an average performing “C” student.  She completed roughly half of 
her homework but would regularly contribute to the whiteboard discussions without 
needing to be called on.  She was concurrently enrolled in the Algebra II math class and 
had a solid grasp of mechanics and mathematical manipulation.  She relied heavily on the 
use of equations throughout the mechanics and force units and is exactly the type of 
student who would solve a problem, get an answer, and not consider the meaning of the 
answer or whether or not it made sense to the situation.  This type of behavior is apparent 
at the beginning of the interview: 
 
T:	  Can	  you	  tell	  me	  what	  you’re	  thinking?	  
S1:	  I’m	  trying	  to	  remember	  what	  equation	  to	  use.	  	  Can	  I	  use	  the	  first	  one?	  (points	  to	  wall	  of	  
equations,	  indicating	  x	  =	  vt	  +	  xo	  .)	  
 
It also becomes apparent that the strategy she is most comfortable with has been modified 
through the treatment; at several points during the interview, she considers the meaning 
and implications of the equations and calculations and adjusts her thinking accordingly.  
One such instance can be seen here: 
 
S1:	  I	  started	  at	  zero	  (puts	  a	  zero	  on	  the	  left	  side	  of	  the	  arrow)	  and	  ended	  at	  36	  (and	  36	  on	  the	  
right.)	  It	  took	  9	  seconds.	  	  So…what	  happens	  every	  second?	  The	  speed	  goes	  up	  by	  four.	  	  I	  
remember	  this!	  	  Okay	  so	  the	  acceleration	  is	  4.	  And	  so	  I	  can’t	  use	  the	  first	  equation	  ‘cause	  that	  
doesn’t	  have	  acceleration.	  I	  want	  distance,	  distance,	  distance.	  ..so	  then	  x	  equals	  half	  a	  t	  plus	  v	  t.	  
(student	  writes	  this	  on	  the	  white	  board)	  I	  got	  it	  now,	  Miss	  Fife.	  	  Is	  this	  right?	  
 
The student starts out very concerned that she find the “right” equation to use and 
actually chooses the wrong one.  By going through the questions required in the 
treatment, the student was able to reason out the acceleration of the car without use of an 
equation or graph, and realize that her initial choice in equation was not appropriate.  
When solving the equation she made a, uncharacteristic for her, basic math error but 
catches herself once she considers the appropriateness of her answer to the situation.  She 
gets the correct answer and then decides that it can’t be right either since the number is 
“too big”.  This leads her to find the distance if the car had been moving at constant 
velocity.  At this point the student becomes very flustered and unsure.  She again 
considers the meaning behind the math and soon realizes that her first solution was, 
indeed, the correct one.    
 
The second student was the “class clown”.  He rarely did his homework but enjoyed 
participating in the whiteboard discussions to the point that I’d have to remind him to let 
other students talk.  He had an inquisitive mind and was always asking questions and 
seeking clarification.  He always wanted to know “what would happen if…”.  He was 
enrolled in Trigonometry.  During the interview, this student also started out by solving 
the problem as if the car were moving at constant velocity rather than accelerating.  He 
was initially willing to take the answer at face value but while explaining the meaning of 
his answer, quickly realized that his approach was incorrect.   
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S2:	  meters.	  Three	  hundred	  twenty	  six	  meters.	  I’m	  brilliant!	  
T:	  What	  -‐	  
S2:	  (student	  interrupts)	  It	  means	  the	  car	  traveled	  three	  hundred	  twenty	  six	  meters	  after	  
speeding	  up	  from	  rest	  to…crap.	  (falls	  silent)	  
T:	  What?	  
S2:	  It’s	  speeding	  up.	  	  I	  totally	  just	  used	  the	  wrong	  equation.	  Dang!	  
 
He was momentarily stumped by the lack of a given acceleration but reasoned his way 
through that by thinking about the meaning of acceleration and thinking about the 
problem from a unit-time perspective (what happens every second).  
 
S2:	  It	  doesn’t	  have	  acceleration.	  And	  if	  I’m	  speeding	  up	  I	  need	  acceleration.	  So.	  Then	  something	  
with	  acceleration.	  (writes	  down	  x	  =	  ½	  at2	  +	  vot.)	  Here	  we	  go!	  Then	  looking	  for	  x	  and	  a	  is	  36,	  no	  v	  
is	  36,	  what’s	  a?	  	  You	  didn’t	  give	  me	  a,	  how	  am	  I	  supposed	  to	  do	  this?	  I	  don’t	  think	  there’s	  
enough	  information.	  	  Wait,	  I	  know	  what	  you’re	  going	  to	  say…	  “a”	  is	  acceleration.	  Acceleration	  is	  
stuff	  speeding	  up.	  The	  car	  is	  speeding	  up.	  The	  car	  is	  accelerating.	  Miss,	  I	  don’t	  know!	  	  
T:	  Keep	  going,	  you’re	  doing	  fine.	  
S2:	  Okay,	  so	  what’s	  happening	  every	  second?	  The	  car	  speeds	  up	  every	  second.	  How	  much	  is	  it	  
speeding	  up?	  It’s	  zero	  to	  36.	  In	  nine	  seconds.	  So	  that	  would	  be,	  what’s	  thirty	  six	  divided	  by	  
nine…four?	  Four.	  Four	  what?	  Not	  red	  balloons.	  Four	  um.	  Meters	  per	  second…every	  second.	  Yes! 
 
At this point he quickly worked his way to the correct solution.  Although he posed his 
answer in terms of the problem, it is unclear how much thought he was giving to it while 
he did so.   
 
The third student often struggled in class.  She was taking Algebra II but it was clear that 
her grasp of basic algebraic manipulations was very low.  She usually attempted the 
homework but relied heavily on her group when it came to the whiteboard presentations.  
If asked a question during discussions she tended to freeze up.  She did come in 
frequently for help and could usually see her way through a problem if asked questions 
leading her step-by-step through a problem.  On her own, she tended to give up easily, 
deciding that she was “too dumb” to get it.  Because of her struggles with math, she used 
graphical methods for solutions almost exclusively and so it was not surprising when she 
went straight for a graph to find the answer.  She immediately ran into problems, 
however.  She labeled the graph as a position graph but actually sketched a velocity 
graph, then decided that the slope of the graph would give her the distance.  At this point 
we again see evidence of the influence of the treatment on a student’s approach to 
problem solving.  After calculating her answer incorrectly based on the slope of the 
graph, she was not content with only a numerical answer.  She considered the meaning of 
her answer and realized that it made little sense given the context of the problem: 
 
S3:	  Well	  I’m	  looking	  for	  distance.	  Is	  that	  the	  slope?	  I	  think	  it’s	  the	  slope.	  So,	  rise	  over	  run.	  That’s	  
thirty-‐six	  over	  nine.	  That’s	  four.	  	  So	  it	  goes	  four.	  Umm.	  Meters.	  It	  goes	  four	  meters.	  Which	  
means	  that	  the	  car	  moves	  four	  meters	  going	  from	  0	  to	  36	  meters	  per	  second	  in	  nine	  seconds.	  	  I	  
know	  what	  you’re	  going	  to	  ask	  next,	  Miss.	  	  Does	  it	  make	  sense?	  Um.	  Hmm.	  I	  think	  so?	  I	  mean	  
nine	  seconds	  isn’t	  very	  long.	  But	  it’s	  a	  car.	  How	  far	  is	  four	  meters?	  	  Umm.	  	  Wait…a	  meter	  stick	  is	  
about	  this	  big	  (indicates	  with	  her	  hands)	  and	  so	  four	  like	  this.	  	  That’s	  not,	  that’s	  not	  very	  far.	  I	  
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mean	  for	  a	  car.	  Maybe	  it’s	  a	  really	  slow	  car?	  Is	  it	  a	  slow	  car,	  Miss?	  
T:	  I	  don’t	  know,	  what	  does	  the	  problem	  say?	  
S3:	  (rereads	  the	  question)	  That	  it’s	  going	  36	  meters	  per	  second.	  So	  what’s	  happening	  every	  
second?	  It’s	  going	  36	  meters	  every	  second.	  Oh.	  So	  that’s,	  for	  nine	  seconds	  that’s,	  um…(pauses	  
while	  she	  works	  the	  multiplication	  out	  on	  the	  whiteboard)	  that’s	  three	  hundred	  twenty	  four.	  
Meters.	  That’s	  a	  lot	  different	  than	  four.	  
	  
	  
While the student realized that her first approach did not work, her reinterpretation of the 
problem was still incorrect.  Then the student surprised me.  Generally speaking, once she 
had an answer she liked she was usually satisfied with it.  This time, however, she wanted 
to know what she did wrong and decided that she must have needed the area.  She then 
solved for the area and realized that this was different than her latest answer of 324 
meters.  At this point, the student became frustrated with the problem and gave up.  I fell 
out of my neutral stance to help her work through her thinking until she eventually 
realized her mistakes and arrived at the correct conclusions. The prompting techniques 
ingrained through both homework and class discussion were enough for the student to 
realize that her first answers were not correct but were not enough to help her find the 
solution without further intervention.  
 
The fourth student interviewed was one of the top General Physics students.  He was very 
good at math and was enrolled in Calculus.  He also had a quick mind and could 
remember practically everything after one read through.  He prided himself on his ability 
to work through problems quickly and would occasionally make simple mistakes that 
were not due to misunderstanding but from carelessness.  During the interview, the 
student quickly worked through the problem, got the correct answer, posed the answer as 
a statement, and considered the reasonableness of his answer with no prompting from me.   
 
S4: So.	  	  Do	  I	  have	  to	  say	  what	  that	  means?	  	  Of	  course,	  I	  do.	  So,	  that	  means	  that	  the	  car	  goes	  a	  
hundred	  and	  sixty	  two	  meters	  accelerating	  from	  zero	  to	  36.	  Does	  that	  make	  sense?	  A	  football	  
field	  is	  100	  meters,	  right?	  So	  one	  and	  a	  bit	  football	  fields	  in	  nine	  seconds.	  	  Hmm.	  	  That	  seems	  
okay.	  	  
 
When questioned about whether he was sure of his answer (given his tendency to make 
“simple” mistakes) he double checked his answer through graphical methods and arrived 
at the same answer.   
 
The fifth and final student interviewed was an average student who was very used to 
relying on the “memorize, regurgitate, and forget” style of learning.  As a result, he was 
pretty good at algebraic manipulations and could usually solve most mechanics problems 
once he had set them up but he had a very difficult time getting to that point; he didn’t 
want to think about the problem and had a tendency to both select the incorrect equations 
and to put the given information in the wrong parts of the equations.  His group would 
usually catch his mistakes before presentation (although he was occasionally asked to 
leave the mistakes on his board to generate discussion).  This student made these types of 
mistakes throughout nearly all of the mechanics units.  During the interview, the student, 
much like the first two students interviewed, selected the wrong equation but unlike the 
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first two students, was happy with his answer even after forming it into a statement and 
considering its reasonableness.   
 
S5:	  I’m	  stuck.	  	  I	  guess	  I	  need	  an	  equation	  (looks	  at	  the	  wall	  and	  writes	  down	  	  
x	  =	  vt	  +	  x0	  .)	  And	  then	  v	  is	  36	  and	  t	  is	  9.	  	  So	  then,	  can	  I	  use	  a	  calculator?	  
T:	  If	  you	  want.	  
S5:	  (pulls	  out	  a	  calculator)	  So	  then…324.	  	  Do	  I	  have	  to	  do	  this	  one	  like	  the	  homework?	  With	  the	  
sentence?	  
T:	  Please.	  
S5:	  So	  the	  car	  goes	  three	  hundred	  twenty	  four	  meters	  in	  nine	  seconds	  speeding	  up	  from	  zero	  to	  
36	  meters	  per	  second.	  	  	  
T:	  And…?	  
S5:	  And	  this	  is	  a	  reasonable	  answer.	  
T:	  Because…?	  
S5:	  The	  car	  is	  moving	  fast?	  	  
 
After a few leading questions, the student finally realized his mistake.  Once asked to 
consider what was happening to the car every second, the student started making a chart 
of its speeds.  This was not anything we had practiced or worked through in a whiteboard 
session.  When asked if he could use the table he had created to find the distance, the 
student was at first unsure but then quickly decided that since the speeds were the 
distance every second that these would also be the distance traveled.  Given the students 
unwillingness or inability to analyze his first answer, he then surprised me by realizing 
that this answer couldn’t be correct since the car was also speeding up during those 
second intervals and that his answer was only a close approximation.   
 
T:	  What	  do	  these	  speeds	  tell	  you	  is	  happening	  every	  second?	  
S5:	  How	  fast	  the	  car	  is	  every	  second.	  Oh!	  So	  how	  many	  meters	  every	  second.	  So…these	  are	  
every	  second…so	  it’s	  how	  far	  every	  second,	  too.	  So	  add	  them	  all	  together	  (student	  pulls	  out	  the	  
calculator	  again)	  so	  180?	  Meters?	  The	  car	  goes	  one	  hundred	  eighty	  meters	  in	  nine	  seconds	  from	  
zero	  to	  thirty	  six?	  But…wait.	  Isn’t	  it	  always	  speeding	  up?	  Even	  during	  the	  seconds?	  	  So	  this	  can’t	  
be	  right	  either…but	  maybe	  it’s	  close?	  
 
It may be of interest to note that, in most cases, the prompts that were used on the 
homework and in the class discussions were not only used by the students in their 
problem solving strategy but were questions that they ask themselves first.  Each student 
verbally asked themselves the question before answering it (“What does that mean?” 
“What’s happening every second?”, etc.)   
 
 
Field Notes and Observations 
 
At the beginning of the research, I was convinced that the trend towards lower test scores 
with each successive year was due to the fact that I was getting more and more students 
with lower math skills.  The whiteboard sessions felt like they were the same quality so I 
believed that the problem was that the students could not perform the necessary 
mathematical manipulations. 
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After looking over the results to the MCI pre-test, however, I quickly realized that, while 
it was true that several of the students were struggling with the algebra, the fundamental 
problem was NOT the math skills.  The fundamental problem was in interpretation.  It 
wasn’t that more and more students couldn’t do the math, it was that my students were 
not used to THINKING about the math.  Obviously, my usual style for leading the 
whiteboard sessions was not cutting it; I needed to make an adjustment.   
 
The students’ initial reaction to the requirement of writing out their answers as a 
statement in terms of the problem was one of resistance.  They saw this as just that much 
more work and that much more thinking that they were being required to do. They didn’t 
see the point.  Once I made it clear that I did not consider an answer complete unless it 
was in sentence format (and gave credit accordingly) the students quickly fell into line.   
 
I didn’t see much of an effect at first.  This may be because we were still in the “easy” 
constant velocity unit.  I did use this opportunity to start bringing our new homework 
requirements into the actual whiteboard discussions.  I made sure that every group gave 
their answer in the form of a statement that explained the meaning of the number.  After 
several weeks of asking “and what does that mean?” they finally started volunteering that 
information on their own.  There were also several students in each class who took great 
glee in asking the question if the presenting group forgot.   
 
As this happened, I noticed that our whiteboard discussions started moving farther and 
farther away from the mechanics of the problems.  Whereas before the students would go 
painstakingly step by step through every step of every problem they presented, they 
started talking less and less about the math and more and more about the significance of 
their answers.  
 
The constant acceleration unit is traditionally the first place where my students start to 
struggle with the concepts in general physics.  This was demonstrated in both the 
whiteboard discussions and the individual homework.  Students were still putting their 
answers in statement format but were no longer paying attention to whether that 
statement made sense; they were just happy to get to an answer at all.  The whiteboard 
session saw a return to the more step-by-step mechanical explanations that we had been 
moving away from.   
 
I found that, through a bit of trial and error, we could compromise; by giving the students 
a series of questions to ask themselves about the problems, they got more of the structure 
that they craved and I got more student thoughts about the meaning.  The series of 
questions varied a bit but stressed a focus on exploring the motion problems on a time 
increment basis.  I started introducing the question “what is happening every second?” 
into my litany of whiteboard questions.  The students picked up on this and I found that 
after a little over a week, they were asking it of each other.   
 
With this combination of breaking down the problems in a time unit basis and requiring a 
statement about the meaning behind the answers, I noticed that a lot more students were 



 27 

willing to attempt problems on their homework.  Questions that the majority of students 
from previous years would leave blank were more frequently attempted even though they 
may not have not necessarily been answered correctly.  When I communicated this 
observation to the students, one student responded, “I don’t really know what I’m doing 
but I know what questions to ask so there’s usually something to write down.” 
 
This also seemed to bring out the competitive natures among some of my students as is 
shown in the following exchange: 
 
Student 1: “Ms. Fife, this sucks, why do we have to do this?” [write the meaning of the 
answers] 
Me: “Well…tell me what acceleration is.” 
Student 1: “Like my car…” 
Student 2: “Change in velocity!” 
Student 3: “RATE of change of velocity!” 
Student 2:  “How speed changes every second!” 
Student 3: “That’s what I just said.” 
Student 4: “Oh, dude, I got one – the slope of a position graph!” 
Student 3: “Vel-” 
Student 4: “Velocity graph! Check it out, I’m totally smart in this class!” 
 
While the pre-MCI test results showed that a larger portion of my students understood the 
basic mechanics of algebraic manipulation better than I had originally thought, it also 
showed room for improvement.  The change here was that instead of making assumptions 
about what the students would need help on, I allowed the students to decide.  If we ran 
into an area that it was obvious a lot of students were struggling with, I took a vote to see 
if the students wanted to stop and do a quick refresher lesson on the math particulars.   
 
They chose: 
 
Unit conversions (unit 1) 
Slopes and rates (unit 2) – almost unanimous 
Graphical interpretation (unit 3) – almost unanimous 
Algebraic manipulation (unit 3) 
Trig functions (unit 4) – almost unanimous 
Solving simultaneous equations (unit 6) 
 
By allowing the students to determine what areas of math they need and wanted help in, I 
noticed that they were a lot more willing to work through those lessons.  Even the 
students who had originally voted against reviewing those particular lessons were more 
willing to do the work.  In fact, I had more students willingly work on these homework 
assignments than many of the regular assignments.  This lead to the following 
conversation with a student: 
 
Me: “How come these [review problems] are the only homework you turn in?” 
Student 1: “’Cause I need these.” 
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Me: “You need the other ones, too…” 
Student 1: “Not really.”  
Me: “Don’t you have a D?” 
Student 1: “Only because I don’t do my homework.” 
 
This also led to some very good discussions about math concepts that I’ve never had with 
any of my students from previous years.  Note the following example:  
 
“One of my favorites was a discussion of how to extrapolate a time beyond a position 
graph. My sixth hour class (with only the occasional “what else” or “how would you do 
that?” and setting up one or two scenarios to test their theories from me) explored: 
- extending the graph 
- Using the slope / rate of change 
- Using proportions and figuring out that proportions don’t always work 
- Analysis of when proportions work and when they don’t 

In one class period! And this was my SIXTH hour, not my third!” 
 
Overall, by applying the treatment strategy to the Modeling curriculum practices, the 
whiteboard discussions seemed to demonstrate:  
 
a) that students were better prepared to answer follow-up questions in the homework 
discussions.  
b) an increase in student focus on numerical meanings 
c) an increase in mathematically thinking  
d) an increase in conceptual understanding 
 
Chemistry Results 

MCI Pre-Test  

The Math Concept Inventory (MCI) was given twice, once before the treatment and once 
and again after treatment.  

The data were evenly distributed with a mean of 56.0 % and standard deviation of 15.2.  
Eleven students scored at or above 70%. (See Figure 13.) These results are in keeping 
with those normally obtained of students beginning chemistry.   To more fully understand 
the student performance, a question analysis was performed.   
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Figure 13: MCI pre test scores for chemistry students 
 
The results from the MCI pretest were similar to those of the physics investigation.  Over 
80% of the students tested answered questions 1, 2, 9, and 11 correctly.  Over 60%, vs. 
70% for the physics students, answered questions 13, 14, 16, 17, 21, and 23 correctly 
with questions 5, 6, 19, 20, and 22, again proving most difficult.    

These results demonstrated that most students were, like the physics students, able to 
perform mathematical operations. They scored best on those questions asking them to 
perform rote calculations and struggled with those requiring interpretation or proportional 
reasoning.  This comparison and similarity in findings of the MCI test questions caused 
us to reflect on the direction of our study as will be explained below. 

MCI Post-Test   

The students were given the MCI test again at the end of the school year.  The data 
showed an overall mean of 66.0%.  Twenty-seven students scored at or above 70.  (See 
Figure 14.) 
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Figure 14: MCI post test scores for chemistry students 
 
 
A paired t-test was performed on the pre and post MCI test scores.  The two tailed p-
score was 9.57 x10-7 which shows that the null hypothesis of equal test scores was 
rejected; there was a statistically significant increase in test scores.   The normalized gain 
was 0.23.  (See Figure 15.) 
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Figure 15: MCI pre and post test comparison for chemistry students 
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A question analysis was also performed on the MCI post test.  Questions 5, 6, 19, 20, and 
22 were still among the lowest scoring.  However, of these Questions 19 and 22 are 
applied physics problems while the other three are related to concepts discussed in 
chemistry during the school year.  Question 19 saw a slight decline in correct responses 
while Question 22 saw no change.  Improvement was seen with Questions 5, 6, and 19.  
A slight increase was seen in the correct responses to questions 13, 14, 16, 17, 21, and 23 
as 80% or more students answered these correctly. 

CCI Pre-Test 
 
Students took the Chemistry Concept Inventory pre test at the beginning of the school 
year.  The data is left skewed with a mean of 30.2%. (See Figure 16.) 
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Figure 16: CCI pre test scores for chemistry students 
 
CCI Post-Test 
 
When the CCI post test was given at the end of the school year, the mean increased to 
34.5%.  (See Figure 17.) 
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Figure 17: CCI post test scores for chemistry students 
 
 
A paired t-test analysis showed a two tailed p-score of 0.04 allowing us to reject the null 
hypothesis that the means of the pre and post CCI tests are the same.  However, the 
normalized gain of 0.056 indicates that the improvement was small.  (See Figure 18.) 
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Figure 18: CCI pre and post test comparison for chemistry students 
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The overall CCI post-Test mean of 34.5% was comparable to that in previous years.  
However, while administering the test, I observed several students randomly filling in the 
Scantron form, I suspect there were others doing so as well. (Results from these 
obviously false efforts were not included in the data analysis.) Students wanted to know 
if this test was “for a grade” and, perhaps unwisely, I told them it was not.  Because of 
this, I believe that many students did not take this test seriously because it did not directly 
impact their chemistry grades. 
 
Unit Test Scores 
 
Two other chemistry modeling teachers had initially agreed to provide control data on the 
MCI and CCI tests, however neither of them followed through.  Instead, I used unit test 
data from the school year prior to the treatment as a control.  Another advantage to using 
this data is that it directly affects students’ grades so most students take these tests 
seriously.  Unit tests from the three math intense units, Units 2, 5, and 7 were compared 
as well as specific portions of the Unit 7 test. 

Test scores were omitted in both the control and study groups if students were caught 
cheating on a unit test, required modified tests in compliance with IEPs or 504 Plans, 
merely wrote their names on the test and turned it in, were observed randomly filling in 
the Scantron form for the MCI or CCI tests, or data was not available for all of the 
assessments due to absences or course enrollment. 

On the Unit 2 test (behavior of gases) the mean of the study group was 80.9% while the 
mean of the control group was 77.1 %.  For Unit 5 (molar quantities), the mean of the 
study group was 64.5% while the mean of the control group was 66.6. A two-sample t-
test assuming unequal variance was performed for each unit test: Unit 2 (p-score = 0.25) 
and Unit 5 (p-score = 0.68) showed no statistical difference in the mean percent test score 
and the null hypothesis of equal means could not be rejected. 
 
Unit 7 was emphasized in the treatment yet the means of the unit test scores were nearly 
the same between the two groups of students.  For the study group, the mean was 71.8% 
while the control group had a mean of 71.2 %. (See Figure 19.)  The two-sample t-test 
assuming unequal variance also does not allow us to reject the null hypothesis for the 
Unit 7 test (p-score = 0.88). 
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Figure 19: Unit 7 test score comparison for treatment and control groups 
 
Because student tests were still available, I was able to further analyze student responses 
and focus on those questions relevant to the emphasis of this study, the stoichiometry 
problems.  Three of these questions were the same on both tests, although the quantities 
varied on different test versions to discourage cheating.   

The points awarded on these three problems were examined.  For the study group, the 
mean on these was 83% while that of the control group was 75%.  Further, I looked at the 
portion of these problems that required proportional reasoning, i.e., constructing the BCA 
table.  For the study group, the mean was 91% and for the control group was 77%.  (See 
Figure 20.) 
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Figure 20: Scores on proportional reasoning section of Unit 7 test 
 
In this treatment, the lower end students in the study group showed improvement over the 
control group.  To demonstrate this improvement, the percent scores on the BCA table 
portion of the test was plotted vs. students’ AIMS scores.  (See Figure 21.)  This graph 
shows a dramatic difference between the study and control groups.  None of the students 
in the treatment group scored less than 35%, regardless of AIMS score, while 5 students 
from the previous year did so.  Since these two groups of students were taught using the 
same curriculum with the same teacher, it is assumed that treatment caused a positive on 
student scores on the BCA portion of the unit test.  
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Field Notes  
 
 
Prior to introducing the BCA table that is at the heart of the stoichiometry unit in 
modeling chemistry, I introduced an activity that stressed proportional relationships in a 
context unrelated to chemistry.  This concept is often a stumbling block for students. 
 
The activity used an outline of a gingerbread man with black-eyed peas for eyes and 
kidney beans for buttons.  Students were to count out a given number of the legumes and 
use the specified numbers of each for the eyes and buttons.  While students offered 
superficial answers to my questions at first, they did engage in the activity and responded 
to prompts to explain the meaning of the relationships they had developed.  ( See Figure 
21.) 
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Figure 20: BCA Reasoning and AIMS comparison for chemistry students 
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Figure 21: Students with gingerbread man activity sheet 
 
The notes are from two sets of students in different classes.   
 
In the first group, Student 1 and Student 2 are both males and slightly below average 
students who had struggled with the math during the school year though they had made a 
strong effort to come in for help when they needed it.  They completed their homework 
about half the time and usually did not volunteer answers during class.  During 
whiteboarding sessions, they often required prompting to explain their answers and at 
times, could not.  In this exchange, they construct the gingerbread man as directed and 
run into the problem of not enough kidney beans (this was designed to foreshadow a 
discussion of limiting reactants for later but had no bearing on this particular activity.)  
They appear to grasp that idea of a ratio but find putting it into words awkward. 
 
CS 2: I don’t have enough red ones – but I have extra white ones. 
Teacher: We call those excess but we’ll talk about that later.  What does this tell you 

about the amounts you need? 
CS 1: You gotta have enough red ones – kidney beans. 
Teacher: To… 
CS 2: make more 
Teacher: OK.  Let’s talk about the one you did make.  How many of each did you use? 
CS 1: 2 peas, 5 beans. 
CS 2: 2 white and 5 red. 
Teacher: What is the relationship between the number of peas and beans you need? 
CS 1: You need 2 peas and 5 beans. 
Teacher: To do what? 
CS 1: (Sigh.) To make a gingerbread man. 
Teacher: Can you say that in a sentence? 
CS 1: For every gingerbread man, you need 2 peas and 5 beans. 
CS 2: (Proudly!) 2 to 5, You need a 2 to 5 ratio! 
Teacher: And that means? 
CS 2: What [Student 1] said. 
Teacher: You say it. 
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CS 2: It takes 2 beans and 5 peas to make a gingerbread man. 
CS 1: You said it backward. 
CS 2: What? 
CS 1: You said 2 beans and 5 peas. 
CS 2: Oh, every gingerbread man needs 5 beans and 2 peas. 
 
In this dialog, both students demonstrate a procedural knowledge in that they can 
basically repeat the quantities given and express the ratio of beans to peas.  Student 2 
anticipated that one goal of this exercise was to derive a statement of the ratio.  When 
prodded, they were able to offer a response that connected this ratio to the context of 
constructing a gingerbread man. 

The second group of students demonstrates a similar understanding, once prompted.  
Student 3 was a male and Student 4 was female; both are slightly above average students.  
Student 3 completed his homework most of the time but tended to have other interests 
that distracted him from his school work.  Student 4 always had her work completed and 
made time to come in for help when needed.  Student 5 was a good student but tended to 
be lazy; he thought the answer was the goal and resisted my efforts at deeper 
understanding. 

CS 3: So we have 6 black-eyed peas and 4 beans.  Each gingerbread man needs 2 
beans and 4 black-eye peas.  So we put them here… and here … (places 2 
beans on each of 2 gingerbread men outlines).  Now… 

CS 4: You’re gonna run out. 
CS 3: What?  Oh yeah, we don’t have enough white beans… 4 here 
CS 4: We have 2 left over.  Miss Fortune, we don’t have enough. 
Teacher: Hmmm.  What does that tell you? 
CS 3: We don’t have enough? 
Teacher: And? 
CS 3: Well, we need 2 more black-eyed peas to make a whole other one. 
Teacher: Each gingerbread man needs? 
CS 4: 4 black-eyed peas and 2 eyes – beans.  We don’t have enough black-eyed 

peas to make another one. 
Teacher: Let’s talk about the one you made. 
CS 4: 4 black-eyed peas and 2 beans. 
CS 3: We need twice as many black-eyed peas than beans. 
Teacher: Okay… tell me that in a sentence. 
CS 4: You need two times as many black-eyed peas as beans. 
Teacher: To? 
CS 3: to make a gingerbread man. 
CS 5: (from the next table) Do we have to say it? 
Teacher: Yeah!  What a great idea!  Can you sum it up for me? 
CS 5: Oh man.  You need 4 black-eyed peas and 2 kidney beans for every 

gingerbread man. 
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Again, we see a facility with procedural knowledge and grasp of the concept of ratios. By 
probing for the next step, i.e. how that ratio connected the amount of each type of legume 
required to the amount of product that could be produced – students were able to express 
the relationship of quantities embedded in the problem.  By practicing this in an activity 
detached from chemistry, they focused on relative quantities and proportional reasoning 
without the stress of having a correct chemical formula or name.  The articulation of this 
relationship was a struggle for some of them but key to ensuring they saw the connection.    
 
Students were next introduced the BCA table as a way of keeping track of the black-eyed 
peas and kidney beans available and required for each derivation of the gingerbread man.  
(See Appendix for explanation of BCA tables as used in the Chemistry Modeling 
curriculum.)  In the example below, students were told that 4 black-eyed peas and 2 
kidney beans were required to make each gingerbread man.  Further, they were given 6 
black-eyed peas and 2 kidney beans as starting materials.   
 
 

Equation: _4 BEP    +   __2_ KB      →   _1_ GBM   

 
Before:        __6___ __2___ _   0____ 

Change      __- 4___        _-2    _      __+1__  

After __  2___ __0____ __1____ 

Students had little difficulty using this tool in these initial exercises.    
 
This BCA table introduction was follow by another exercise in which students developed 
a method for determining the average atomic mass of an “element” using an exercise 
similar to the classic “beanium lab” in many chemistry classes.  Although this is a 
concept from Unit 5 and it had been taught using the treatment, students gave me blank 
stares when I asked the class what the atomic mass of an element represents.  Had they 
really forgotten this?  I felt it important to review and, if necessary, reteach this concept 
because they would be using atomic masses and molar masses in the “side calculations” 
of the stoichiometry problems using the BCA tables.  I wanted to be sure students 
understood what these numbers represented, i.e. the mass of a particular number of 
particles, and why we needed to use moles, not masses, in the BCA table itself.  As a 
class, they were able to recall what atomic masses represented but it was necessary to 
prompt and dig for the information: 
 
Teacher: Anyone? 
CS 6: It’s the number up there [points to periodic table}. 
CS 7: The number at the bottom. 
Teacher: And that number is? 
Students: The one at the bottom. 
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Teacher: And that number means? 
CS 7: Oh, it’s a mole. 
Teacher: And a mole is? 
CS 8: 23 times… no  2.3 times ten, times ten to the something 
Teacher: More generally a mole is? 
CS 8: Oh, it’s a-a unit. 
Teacher: Unit? 
CS 8: It’s a number.  
CS 9: I have it!  [looking through notes] It’s 6.02 times ten to the 23rd.   
Teacher: So a mole is? 
CS 9: 6.02 times 10 to the 23rd  
Teacher: What? 
CS 9: Things. 
Teacher So what does the atomic mass represent? 
CS 9: 6.02 times ten to the 23rd molecules. 
Teacher: Molecules?   
CS 8: Or atoms.  Depends. 
Teacher: Okay… so a mole represents 6.02 x 1023 things… particle, atoms, 

molecules, donuts, beans.  Let’s count out 6.02 x 1023 beans and find the 
atomic mass of beanium.  

CS 10: [Expletive] we can’t count out that many.  It would take too long. 
  
This demonstrates that students had become accustomed to looking up atomic masses on 
the periodic table and that this had become just a procedure to them:  they had lost the 
connection between that quantity and the fact that it represented a specific number of 
particles.  This is an example of students focusing on the mechanics of solving a problem 
and losing the context. 
 
After agreeing with Student 10 that it would take too long to count out a mole’s worth of 
beanium atoms – and recalled some examples of just how many a mole of particles is –  I 
suggested that to simplify calculations, we assume that a single kidney bean represented 
an entire mole of particles of “beanium” and a single black-eyed pea represented a mole 
of “bepium” particles rather than saying we had a mole of each type of legume.   
 
Students suggested ways to calculate the average mass of a mole these beans, arrived at a 
consensus, weighed their beans, and reported their results.  After calculating a class 
average, again as a student suggestion since values varied.  The final question of this 
activity required students to articulate the meaning of their calculation:  
 
“Now	  that	  you’ve	  calculated	  the	  average	  molar	  masses	  of	  beanium	  and	  bepium,	  write	  a	  
sentence	  explaining	  what	  this	  means.”	  
 
Most students were able to express the meaning with a statement similar to 
 
Each	  mole	  of	  bepium	  contains	  6.02	  x	  	  1023	  particles	  and	  weighs	  0.19g	  and	  each	  mole	  of	  beanium	  
contains	  6.02	  x	  	  1023	  particles	  and	  weighs	  0.49g.	  	  	  
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This led into the final exercise of this introduction, a review of the side reactions (e.g., the 
conversions from mass to moles) in stoichiometry that required students to express the 
meaning of their calculations.  Students recorded the result from the previous exercise 
and then answered the question: “What does it mean when we express this as ‘g/mol’?”  
Most students again responded that this was the mass of a mole of particles of the 
element “beanium” or “bepium.”   
 
As students completed the conversion calculations, they were required to answer the 
question: “What does this mean” and were also required to explain why only moles are 
used in a BCA table.  Most students were able to demonstrate that moles refers to the 
number of particles while mass does not.   
 
During homework discussions, students were required to state the molar relationships 
they used when constructing their BCA tables and conclude with a statement of meaning.  
Student knew that if this was not forthcoming, they would be prompted for it by the 
teacher or their classmates.   
 
These results demonstrated that students were able to express the meaning of ratios in 
terms of context and of the conversion calculations.  By adding this prelude to the 
stoichiometry of the standard chemistry modeling curriculum, I found students better able 
to express the meaning of a molar ratio in a chemical equation and show the changes that 
occur during a reaction for a given quantity of a substance.  This is borne out by results 
on the unit 7 test.   
 
 
Student Videos 

Near the end of the school year, three groups of students were videotaped explaining the 
construction of a BCA table.  I asked pairs of students consisting of one strong student 
and one who needed more help to participate.  Students were nervous about this and 
begged me to know what problem I was going to ask them to do and if they could do the 
calculations before the video was taken.  I gave in and, in retrospect, realize this defeated 
the purpose of the video.  However, this except does show a student connecting the molar 
quantities used in the BCA table to the balanced chemical equation.  Proffered prompts 
are of the “surface” types and reveal a strong procedural knowledge on the part of the 
students.  Full transcripts can be found in the Appendix.   The question they were to 
answer was:  

Copper(I) chloride reacts with hydrogen sulfide to form copper(I) sulfide and 
hydrogen chloride.  What mass of copper(I) chloride is required to completely 
react with 139 grams of hydrogen sulfide?  

Chemistry Student 11 was a strong math student and diligent in completing his work 
except when his band trips interfered.  Although he would lead his group’s whiteboarding 
discussions if his cohorts told him it was his turn, he preferred to play a supporting role of 
scribe or human calculator.  Chemistry Student 12 was another band member who was 
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not as strong in math or as diligent, often forgetting to do his homework.  This group 
calculated the molar quantity and balanced the chemical equation before the camera 
started. 
 
CS 12: In this equation we have 4 moles of hydrogen sulfide and we want to find out how 

many moles of hydrogen chloride we’ll have.  So, since we have 4 moles of 
hydrogen sulfide, how many moles of hydrogen chloride will we have? 

CS 12: We should have two. 
CS 11: Actually it’s two times. [points to the coefficients of the chemical equation] 
CS 12: 2 to 1 yeah, OK.  So you multiply it by two and you get 8. 
CS 11: (To me) so was that good? 
 
This interchange between the two students demonstrates a common error in constructing 
BCA tables and proportional reasoning.  Student 6 knew the ratio needed to be two to one 
because of the coefficients but made the common error of applying this ratio inversely.  
Later in the video this exchange occurred: 
 
CS 11: And the ratio is 2 to 1. And 4 moles here and 8 here. 
Teacher:  And how do you know which one’s 4 and which one’s 8? 
CS 12: The coefficient 
Teacher:  Right 
CS 11: [Inaudible] 
 
I asked CS 11 about the coefficient to follow up on his error from the previous excerpt 
He was able to answer the question easily showing me he did understand the relationship 
between the coefficient and molar ratio.  In retrospect, it would have been a far better 
closing to ask the student to summarize their result.   
 
 
 
Discussion  
 
We initially thought that the problem solving struggles observed in General Physics and 
chemistry high school students were due primarily to an inability to perform algebraic 
manipulation and other mathematical operations.  The MCI pre test scores, however, 
showed this hypothesis to be incorrect. In fact, the students demonstrated the ability to 
perform the “mechanics” of math such as solving an equation for a variable and 
calculating the slope of a line.    

The MCI pre test scores for both science student populations also revealed that the true 
problem areas are interpretation, comprehension of meaning, and the ability to perform 
proportional reasoning.  Thus, the source of student struggles did not lie in their inability 
to “do” math but in their inability to “think” about the math; they had learned the rote 
steps but didn’t really understand the meanings behind the steps.   
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The treatment was developed to help strengthen students’ reasoning and mathematical 
comprehension skills.  A series of prompting techniques were used to help students focus 
attention on the meaning and implications of their answers to problems and to shift focus 
away from the importance of the numerical answer itself.   

The primary prompts were:  

a) asking for meaning in the answer – physics and chemistry students were required to 
complete all problems with a statement explaining the meaning of their answers. Students 
were also required to verbally explain the meaning and implications of their answers 
when presenting their assigned question to the class.  

b) time unit analysis – physics students were encouraged to break many of the questions 
down by asking themselves the question “what is happening every second?” This acted as 
both a way to examine the meaning of the information given in the problem as well as a 
starting place for problem analysis. Many students developed the ability to solve a 
number of kinematic problems simply by considering problem from a per second or per 
minute basis. This type of analysis also helped many students better understand the 
physical meanings and implications of their answers.  

c) asking for meaning in the process – chemistry students were asked to explain and 
derive the meaning of several steps in the stoichiometry problem solving process.   

These, along with the more traditional prompts such as “and then what?”, “you tell me”, 
and “how do you know?” resulted in a number of student improvements.  

a) students were better prepared to answer follow-up questions in the homework 
discussions.  

During a standard whiteboard presentation, students expect to be asked questions by the 
teacher and (as students’ discussion skills improve) from other students that explore their 
problem and solution.  This often results in the “deer in the headlights” syndrome where 
some students “freeze” – they panic and stutter and have difficulty working their way to 
an answer.  By making sure that the students had already given consideration to the 
meaning and implications of the answers to their problems, they were more prepared to 
answer follow-up and exploratory questions.  Students were more comfortable because 
they had prepared.  

b) an increase in student focus on numerical meanings  

Prior to treatment, students’ whiteboard presentations tended to focus primarily on “how” 
they solved a particular problem – when to divide, multiply, etc.  However, as students 
became more comfortable with the homework solution statements and came to expect the 
same question (what does it mean?) during their whiteboard presentations, students began 
to shift their emphasis from the steps of problem solving to the meaning of the 
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solutions.  Rather than occupying the primary focus of student presentations, the 
mathematical mechanics of a solution gradually took more of a backseat.  

This can also be seen in the student interviews.  Each student interviewed knew that the 
problem was not considered complete until they had explained the meaning of their 
solution.  

For example, in the physics investigation:   

S2: That	  means	  the	  car	  goes	  162	  meters	  when	  speeding	  up	  from	  rest	  to	  36	  meters	  per	  second.	  	  
Wooo!	  I	  am	  a	  fricken	  genius!  

S4: Do	  I	  have	  to	  say	  what	  that	  means?	  	  Of	  course,	  I	  do.	  So,	  that	  means	  that	  the	  car	  goes	  a	  
hundred	  and	  sixty	  two	  meters	  accelerating	  from	  zero	  to	  36.  

S5:	  The	  car	  goes	  one	  hundred	  eighty	  meters	  in	  nine	  seconds	  from	  zero	  to	  thirty	  six?	  But…wait.	  
Isn’t	  it	  always	  speeding	  up?	  Even	  during	  the	  seconds?	  	  So	  this	  can’t	  be	  right	  either…but	  maybe	  
it’s	  close?  

And in the chemistry investigation: 

Student	  2:	   	  Oh,	  every	  gingerbread	  man	  needs	  5	  beans	  and	  2	  peas.	  	  
	  
Student	  work:	  	  “This	  means	  that	  a	  3.5g	  sample	  of	  beanium	  is	  6.31	  moles.”	  	  	  	  	  
 
 
c) an increase in the depth of mathematical thinking    

Once students realized that the teacher was always going to ask “what does that mean” 
they started to incorporate the answer to this question into their discussion without 
prompting. If the teacher should forget, other students would quickly jump in to ask the 
question.  As students started to focus on the meaning of their own volition, they also 
started to explore mathematical relationships and connections with greater frequency.  
Their explorations were often clumsy and did not always lead them to the correct 
conclusions but there was a marked rise in the attempt to solve problems through thinking 
about relationships rather than thinking about equations and whether they had the right 
numerical answer. Many times students were able to correct their own errors through 
such an analysis. 

This is particularly apparent in the physics investigator’s interview with student 5.  This 
student began by attempting to solve the problem using an incorrect equation.  After 
thinking about the meaning of the solution, the student realized there was a problem and, 
by thinking about the relationships of the variables ended up using a crude calculus style 
methodology.  He even realized that his method would result only in an approximation of 
the actual answer through his solution method.  

d) an increase in conceptual understanding  
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Perhaps the most apparent and recognizable change from the physics investigator’s 
perspective was that students had a much better grasp of what position, velocity, and 
acceleration really mean and how the three relate to each other.  Towards the end of the 
kinematics section especially, more and more students were moving away from the 
equations in favor of “logic-ing” (as one student put it) their way through the problem.  
This led to an interesting problem when it came to grading homework, quiz, and test 
questions – more and more students were just recording answers and not showing work 
for specific types of problems.  Since most of the point value of a problem was 
traditionally in the work, I had to rethink the way I valued solutions; students didn’t have 
to show mathematical work if they didn’t want to but they DID have to explain their 
reasoning – no “magically appearing answers”.  Some students started including more 
paragraph solutions than equation solutions.  

Nearly every student interviewed used the definition of acceleration to determine the 
acceleration of the car rather than relying on the “plugging and chugging” equation 
method for finding the equation.   

This was demonstrated in the interview with student 2:  

S2: Okay,	  so	  what’s	  happening	  every	  second?	  The	  car	  speeds	  up	  every	  second.	  How	  much	  is	  it	  
speeding	  up?	  It’s	  zero	  to	  36.	  In	  nine	  seconds.	  So	  that	  would	  be,	  what’s	  thirty	  six	  divided	  by	  
nine…four?  

For the chemistry investigator, students demonstrated a better grasp of molar ratios of 
reactants and products and their relationship to the balanced chemical equation as well as 
an underlying connection between molar quantities and numbers of particles.  For the 
stoichiometry problems, the final answer had less importance compared to this reasoning 
with ratios.  Some students resisted this shift in emphasis and scribbled a little bit of 
work, if that, in the margins of their paper and wrote down a numerical answer.  This 
demonstrated no reasoning, just an ability to work an algorithm.  I was able to overcome 
this by assigning a low point value to the actual numerical answer on homework, tests, 
and quizzes and by intentionally calling on these students to explain their solutions.  They 
quickly learned that “in the calculator” was not a valid explanation to how they arrived at 
their answer!  I also included the final numerical answers in the footer of several 
homework assignments or wrote them on the board for others to demonstrate the 
importance of seeing the students’ reasoning instead of only “the answer.”   

e) an increase in unit test scores, FCI scores, and MCI scores  

Physics student scores on the MCI test increased most significantly over the kinematics 
units.  The scores showed no significant increase or decrease over the force units.  When 
examining student performance on a question by question basis, the frequency of correct 
scores on each question decreased slightly although not in a statistically significant way.  
That the largest losses between mid and post test were in the portions of the test dealing 
with graphical analysis is probably due to the fact that the force units have very little 
opportunity for graphical practice, at least in comparison to the kinematic units.  While 
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this shows that students “forgot” some of the training gained during the treatment, the 
increases between pre and post MCI test are still statistically significant.  

Chemistry students also showed improvement in their MCI test scores during the course 
of the school year.  On the five test questions that had proven the most difficult on the 
pre-test, three saw an improvement in the number of students responding correctly on the 
post-test and all of these were essentially chemistry applications.  Of the others, one 
remained the same, and one decreased slightly however, these were physics applications 
that we had not addressed in class.  

This study had initially included the use of three other physics Modeling classrooms but 
the data returned was either incomplete (missing pre or post test data) or nonexistent (one 
group never returned any scores).  The chemistry investigator had arranged for two 
chemistry teachers to supply MCI and CCI data but these teachers also failed to supply 
information.  Unfortunately, without a control group, it is difficult to pinpoint exactly 
how much of these gains were due to the treatment, how much is due to the nature of the 
standard Modeling curriculum, and how much might be due to the students’ concurrent 
math classes.   

The FCI test scores also showed statistically significant gains between pre and post test.  
Again, it is difficult to attribute the cause of the gains solely to the effect of the treatment 
without a control group for comparison.  When the FCI data was compared to the 
performance of past students, the FCI gains actually decreased.  This is most likely due to 
an increase in the number of English language learners between years.  Many of the 
English language learners expressed difficulty understanding the nature of some of the 
test questions – they were not struggling with the technical jargon so much as with the 
length and complexity of the questions and general language usage.  It was shown that 
the English language learners scored significantly lower on the post FCI test than their 
English-as-a-first-language counterparts.   

Although the CCI results showed a statistically significant increase in terms of the t-test, 
the increase in the normalized gain was slight.  As with the physics study, without a 
control group it is difficult to attribute this gain to the treatment.  This increase 
approximates that achieved in previous years.  I also question student honesty and effort 
in completing both the MCI and CCI. Students don’t take assignments seriously if they 
are not part of their grade and a different approach is needed if we are to compare pre and 
post test scores with any confidence.   
 
Since this study lacked the benefit of concurrent control groups, it seemed appropriate to 
compare the treatment group’s performance to the performance of past students.  The 
only pool of quantifiable data still available to examine were unit test scores.  When the 
physics investigator looked at the unit test score means, a decrease could be seen from the 
students of 06-07 and the students of 07-08.  While these decreases were not shown to be 
statistically significant, it was part of a larger declining trend.  Unfortunately, the data for 
previous years’ students is no longer available as the student grades are only saved for a 
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few years. It is this decline in unit test score average that first led to the advent of this 
study.  

When comparing the previous year’s (07-08) to the current treatment year’s (08-09) 
performance, a statistically significant increase in overall test score average was seen.  
Since both student populations saw the same physics Modeling curriculum with the same 
teacher and the only primary differences between the two were the number of English 
language learners and the application of the treatment, it seems reasonable to conclude 
that the treatment had a positive correlating effect on the test scores.  

The chemistry also investigator examined unit test scores and found little difference 
between the previous year’s (07-08) and current year’s (08-09) test scores.  However, a 
detailed analysis of specific test questions did reveal an increase in performance on that 
portion of the test which can be attributable to the treatment. 

  

Classroom Implications 

1) Mathematical operations skills 
 
It was originally hypothesized that the poor problem solving abilities observed in the 
science classroom was the result of inadequate math skills, i.e. students couldn’t solve 
problems because they lacked the math.  This assumption was not supported by the MCI 
scores for either the chemistry or physics students in this investigation.  Rather, the pre-
MCI test scores showed that a large percentage of the incoming students had a very 
reasonable grasp of the requisite math mechanics and the true problem area was in the 
application and interpretation of those mechanics.  The students could not “do the math” 
once that math was placed in context.  This, of course, means that providing the students 
with a comprehensive math review divorced from any situational framework will not 
generally be of significant benefit to the students; the problem is one of application and 
that is difficult to review out of context. 
 
While a comprehensive math review is not required, it may still be necessary to review 
certain key math concepts.  However, students should be allowed to have input about 
what these areas are.  For example, students may realize that they need a refresher on 
basic trigonometry to fully describe a force diagram.  Allowing and assisting them to 
review these properties on their own, outside of the force context, helps students to 
become more invested in those sections.  They will be more likely to complete homework 
assignments and participate in class discussions if they have ownership in the selection of 
topics for review.    
 
The original – and erroneous – belief regarding the role of student math ability was the 
result of observing the problem solving strategies students bring to the science classroom.  
Students often become so wrapped up in the mechanics of the problem that they can drag 
the teacher into this narrowed view as well.  Both students and teacher can become so 
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focused on what the students did to “get the answer” that it becomes easy to lose track of 
the problem’s meaning.  In reality, students can perform mathematical operations but 
have difficulty expressing what that math means once it is placed in a context.  To 
combat this issue, emphasis needs to be placed more on meaning than on operational 
proficiency.  
 
2) Prompting for understanding 
 
As Modelers, we already know the importance of Socratic questioning.  However, 
students in the investigation benefited from a more formalized set of prompts.  The most 
successful, as demonstrated through the interviews and notes on class discourse, were the 
questions: “What does that mean” and “What is happening every second?”  These 
questions, and others like it, force the students to explain the math, the graphs, and the 
picture in the context of the problem.  By doing this, students are more likely to: 
 
a) identify their own mistakes whether operational or conceptual 
b) feel more comfortable and relaxed when presenting to the class – they know what the 
first question will be and they will have thought about context.   
c) shift the focus of the problem discussions away from the procedures used to solve it to 
an exploration of the meaning and implications of the solution. 
 
The difference between these prompts and what can be defined as a “surface” prompt, 
one that does not encourage students to delve into the meaning of a problem, is that these 
push students to dig at their understanding of both the problem and its solution. For 
example, a commonly used prompt is “how do you know”.  This prompt encourages 
students to explain their procedure for finding “the answer” to the problem but does not 
guarantee that students can explain what that answer means in the context of the problem 
presented. To ensure that the students have a solid grasp of a problem, they must be 
prompted to explain meanings rather than to describe procedures.  In fact, they need to 
internalize this prompting so that it is an integral part of their approach to problem 
solving in any context.  
 
 
Implications for Further Research 
 
Anecdotal evidence suggests that the treatment did increase student comprehension by 
shifting the emphasis from merely obtaining an answer to considering the meaning and 
implications of that answer. Though this investigation demonstrated improvements in 
student MCI, FCI, CCI, and unit test scores, it is based on relatively small samples sizes 
and lacks a control group for comparison purposes.  These results should be confirmed by 
comparing the results with a control group and with the use of a larger population of 
students.   
 
 
 
 



 49 

References 
 
American Institute for Research “Lessons Learned from US International Science 

Performance” report  prepared for the US Department of Education in 2007 
 
Brown, J.S., Collins, A., & Duguid, P. (1989).  Situated cognition and the culture of 
 learning.  Educational Researcher, 18(1), (32-42). 
 
Coletta, Vincent, Phillips, Jeffery, and Steinert, Jeff (2007) Why you should measure   
 your student’s reasoning ability. The Physics Teacher vol 45, 235-238 
 
Doerr, Helen and Tripp, Joseph. (1999) Understanding How Students Develop Math 

Models. Mathematical Thinking and Learning, I(3), 231-253. 
 
Halloun, I.A. & Hestenes, D. (1985) The initial knowledge state of college physics 

 students. American Journal of Physics, 53(11), 1043-1048. 
 
Hudson, H.T. (1982). The combined effect of mathematics skills and formal operational 

reasoning on student performance in the general physics course. American 
Journal of Physics, 50(12), (1117-1119).  

 
Larkin, J. & Bracket, G.C. (1974). Mathematics prerequisite: a mastery approach. 

American Journal of Physics, 42(12), page. 
 
Lesh, R. (1981). Applied mathematical problem solving.  Educational Studies in 

Mathematics, 12(2), (235-264).  
 
Lesh, R. (1985).  Processes, skills, and abilities needed to use math in everyday 

situations. Education and Urban Society, 17(4), 439-446. 
 
Lesh, Richard and Doerr, Helen M “Beyond Constructivism” Mathematical Thinking and 

Learning, Lawrence Erlbaum Associates, Inc. 2003 
 
Megowan, C. (2007).  Framing discourse for optimal learning in science and math.  
 doctoral dissertation, Arizona State University, Tempe, AZ. 
 
Sadler, P.M, & Tai, R.H.  (2007). The two high school pillars supporting college science. 

Science, 317, 457-458. 
 
 
 
 
 
 
 
 



 50 

Appendix A: Physics MCI and FCI Stats and Graphs 
 
 
Table A1: Stats by Class Period for the FCI and MCI pre-test 

 
 
 
Table A2: Total Stats for the FCI and MCI pre-tests 
  FCI MCI  FCI Pretest  MCI Pretest 

mean 23.94 63.81  # students 
% 

score   # students 
% 

score 
st dev 8.19 15.85  9 13  1 22 

median  23 65  19 17  1 26 
mode 27 65  19 20  3 30 
max  53 91  16 23  3 35 
min 7 22  22 27  4 39 

    15 30  5 43 
    6 33  6 48 
    6 37  13 52 
    4 40  8 57 
    1 47  9 61 
    1 53  17 65 
       10 70 
       12 74 
       15 78 
       6 83 
       8 87 
       3 91 

 
 
 
 
 
 

 Stats for FCI pre-test for 08-09  Stats for MCI pre-test for 08-09 
 first second third fifth sixth  first second third fifth sixth 

mean 25.96 22.84 22.76 24.57 23.56  67.46 58.60 69.80 66.32 56.48 
st dev 7.88 10.10 6.14 6.66 9.52  15.13 14.73 11.17 17.57 16.92 

median 27 20 23 23 27  72 61 70 65 57 
mode 17 17 20 27 27  74 65 78 65 52 
max 40 53 37 40 47  87 91 91 87 91 
min 13 7 13 10 10  30 22 52 26 30 
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Table A3: Stats for MCI Mid-Test 
 Stats for midtest MCI    
 first second third fifth sixth  all data 
average 75 71.13 74.88 72.57 68.48  average 72.46 
mode 74 91 74 78 61  mode 74 
median 74 72 74 78 70  median 74 
st dev 9.63 14.50 8.98 16.73 13.05  st dev 12.81 
max 91 91 91 96 91  max 96 
min 57 48 61 39 35  min 35 

 
 
 
Table A4: Stats for MCI Post-Test 

  first second third fifth sixth total 
average 74.26 72.75 74.96 73.29 69.27 72.88 
mode 87 74 70 83 83 74 

median 74 74 74 76.5 72 74 
st dev 10.31 14.37 10.93 14.60 18.85 14.07 
max  91 100 91 96 100 100 
min 57 43 52 43 17 17 

number 27 24 24 24 26 153 
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Table A5: Percent of students with correct answers for 
 each question on the MCI pre, mid, and post Tests 
 
question pre mid post 

1 92.86 98.05 95.83 
2 92.14 98.70 93.33 
3 60.71 71.43 75.83 
4 60.00 70.13 72.50 
5 27.86 54.55 45.00 
6 32.86 50.65 41.67 
7 64.29 93.51 88.33 
8 58.57 91.56 85.83 
9 95.00 99.35 98.33 
10 75.00 79.22 76.67 
11 92.14 98.05 96.67 
12 56.43 52.60 36.67 
13 74.29 84.42 82.50 
14 83.57 89.61 90.00 
15 52.86 68.83 57.50 
16 79.29 85.06 83.33 
17 77.86 88.31 84.17 
18 73.57 89.61 80.00 
19 6.43 39.61 22.50 
20 35.71 54.55 48.33 
21 84.29 90.26 87.50 
22 32.86 51.95 41.67 
23 74.29 94.81 87.50 

 
 
 
Table A6: Stats for FCI Post Test 

  first second third fifth sixth total 
mean 64.41 63.18 66.27 63.13 60.15 63.69 

median 67 65 67 63 55 65 
mode 67 70 67 63 53 67 
max 89 80 90 85 90 90 
min 40 37 43 45 43 37 

st dev 12.80 12.42 12.21 12.36 13.99 12.55 
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Table A1: MCI Test Comparison – pre, mid, and post 
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Table A2: MCI Test Question Comparison – pre, mid, and post 
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Chart A3: FCI Test Comparison – pre and post 
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Chart A4: FCI Post Test Scores 
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Table A11: Statistical Analysis for MCI pre and mid test 
t-Test: Paired Two Sample for Means - pretest vs. midtest  
   

  pretest midtest 
Mean 63.9516129 72.45967742 
Variance 239.7374771 164.1203121 
Observations 124 124 
Pearson Correlation 0.19070243  
Hypothesized Mean Difference 0  
df 123  

t Stat 
-

5.229621055  
P(T<=t) one-tail 3.53353E-07  
t Critical one-tail 1.657336398  
P(T<=t) two-tail 7.06705E-07  
t Critical two-tail 1.97943866   

 
 
 
 
 
 
Table A12: Statistical Analysis for MCI mid and post test 
t-Test: Paired Two Sample for Means  
   

  mid post 
Mean 72.45968 72.8629 
Variance 164.1203 199.5176 
Observations 124 124 
Pearson Correlation 0.037911  
Hypothesized Mean 
Difference 0  
df 123  
t Stat -0.24004  
P(T<=t) one-tail 0.405351  
t Critical one-tail 1.657336  
P(T<=t) two-tail 0.810702  
t Critical two-tail 1.979439   
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Table A13: Statistical Analysis for MCI pre and post test 
t-Test: Paired Two Sample for 
Means  
   

  pre post 
Mean 63.95161 72.8629 
Variance 239.7375 199.5176 
Observations 124 124 
Pearson Correlation 0.043537  
Hypothesized Mean 
Difference 0  
df 123  
t Stat -4.8408  
P(T<=t) one-tail 1.9E-06  
t Critical one-tail 1.657336  
P(T<=t) two-tail 3.8E-06  
t Critical two-tail 1.979439   

 
 
Table A14: Statistical Analysis for FCI pre and post test 
t-Test: Paired Two Sample for Means  
   

  pre post 
Mean 24.0708 63.10619 
Variance 61.72709 167.3101 
Observations 113 113 
Pearson Correlation -0.08257  
Hypothesized Mean 
Difference 0  
df 112  
t Stat -26.466  
P(T<=t) one-tail 2.6E-50  
t Critical one-tail 1.658573  
P(T<=t) two-tail 5.19E-50  
t Critical two-tail 1.981372   

 
 
Table A15: normalized gain for all tests 

MCI pre to mid 0.2394 
MCI mid to post 0.0184 
MCI pre to post 0.2534 

    
FCI pre to post 0.5155 

h = (average posttest score - average pretest score) / (100 - average pretest score) 
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Table A16: Statistical Analysis for FCI post-test – English speakers vs. Spanish 
t-Test: Two-Sample Assuming Unequal 
Variances  
   

  Spanish English 
Mean 53.7 66.554217 
Variance 125.4586207 149.76227 
Observations 30 83 
Hypothesized Mean 
Difference 0  
df 56  
t Stat -5.253705271  
P(T<=t) one-tail 1.19872E-06  
t Critical one-tail 1.672522304  
P(T<=t) two-tail 2.39743E-06  
t Critical two-tail 2.003240704   
   

  
post FCI 
average  

Primary Spanish speakers 53.7  
Primary English speakers 66.6  
combined 63.1  
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Appendix B: Physics Modeling Mechanics Unit Analysis for 07-08 and 08-09  
 
 
Table B1: Stats for mechanics modeling units over three years (06-09) 

  2007-2008 school year 
  intro constant v constant a projectile static dynamic circular 

mean 77.75 75.88 69.82 69.32 69.85 72.26 68.00 
mode 90 80 78 68 60 70 32 

median 83 78 71 70 70 74 72 
st dev 17.19 15.59 20.34 17.51 15.73 15.26 20.44 
max 100 98 100 100 100 100 100 
min 15 10 22 28 24 38 20 

        
        
  2008-2009 year 
  intro constant v constant a projectile static dynamic circular 

mean 78.20 78.02 76.72 76.16 77.35 78.40 76.28 
mode 72 91 90 100 100 82 72 

median 79 79 76 75 77 79 77 
st dev 12.40 11.16 12.93 16.25 15.38 12.08 12.39 
max 100 98 100 100 100 100 100 
min 39 50 26 32 35 34 30 

 
 
Table B2: Statistical Analysis for graph unit for years 07-08 and 08-09 
t-TesT: Two-Sample Assuming Unequal 
Variances 
   

  07-08 08-09 
Mean 77.75 78.19697 
Variance 295.6455 153.8693 
Observations 56 124 
Hypothesized Mean 
Difference 0  
df 80  
t Stat -0.17606  
P(T<=t) one-tail 0.430345  
t Critical one-tail 1.664125  
P(T<=t) two-tail 0.86069  
t Critical two-tail 1.990063   
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Table B3: Statistical Analysis for constant velocity unit for years 07-9 and 08-09 
t-Test: Two-Sample Assuming Unequal 
Variances 
   

  
Variable 

1 
Variable 

2 
Mean 75.87719 78.02256 
Variance 243.0739 124.4919 
Observations 57 124 
Hypothesized Mean 
Difference 0  
df 82  
t Stat -0.94076  
P(T<=t) one-tail 0.174795  
t Critical one-tail 1.663649  
P(T<=t) two-tail 0.349591  
t Critical two-tail 1.989319   

 
 
Table B4: Statistical analysis for constant acceleration unit for years 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal 
Variances 
   

  
Variable 

1 
Variable 

2 
Mean 69.82143 76.71642 
Variance 413.5675 167.1821 
Observations 56 124 
Hypothesized Mean 
Difference 0  
df 74  
t Stat -2.34671  
P(T<=t) one-tail 0.010809  
t Critical one-tail 1.665707  
P(T<=t) two-tail 0.021619  
t Critical two-tail 1.992543   
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Table B5: Statistical analysis for projectile motion unit for years 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal 
Variances 
   

  
Variable 

1 
Variable 

2 
Mean 69.32075 76.16296 
Variance 306.7221 264.0031 
Observations 53 124 
Hypothesized Mean 
Difference 0  
df 89  
t Stat -2.45894  
P(T<=t) one-tail 0.007935  
t Critical one-tail 1.662155  
P(T<=t) two-tail 0.01587  
t Critical two-tail 1.986979   

 
 
Table B6: Statistical analysis for static forces unit for 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal 
Variances 
   

  
Variable 

1 
Variable 

2 
Mean 69.85455 77.34815 
Variance 247.534 236.4077 
Observations 55 124 
Hypothesized Mean 
Difference 0  
df 98  
t Stat -2.99701  
P(T<=t) one-tail 0.001727  
t Critical one-tail 1.660551  
P(T<=t) two-tail 0.003454  
t Critical two-tail 1.984467   
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Table B7: Statistical analysis for unbalanced forces unit for 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal 
Variances 
   

  
Variable 

1 
Variable 

2 
Mean 72.25926 77.68421 
Variance 232.7617 151.6571 
Observations 54 124 
Hypothesized Mean 
Difference 0  
df 82  
t Stat -2.32365  
P(T<=t) one-tail 0.01131  
t Critical one-tail 1.663649  
P(T<=t) two-tail 0.022621  
t Critical two-tail 1.989319   
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Appendix C: Physics Video Interview Transcripts  
 

 
Video transcript  
May 4 
 
The question:  A car starts from rest and accelerates to a speed of 36 m/s in 9 seconds.  
How far has the car traveled in this time? 
 
T: Okay. I think that’s got it. Here’s the question and whiteboard. Remember to say 
everything you’re thinking like we talked about. 
S: Ok. So. It says here I’m looking for how far the car went. That’s the distance.  Miss 
Fife, I don’t remember how to do this; this was last year! 
T: Just do what you can. 
S: (sighs) Okay. (long pause) 
T: Can you tell me what you’re thinking? 
S: I’m trying to remember what equation to use.  Can I use the first one? (points to wall 
of equations, indicating x=vt+xo) 
T: You tell me. 
S: Umm. Okay. I used to be good at this. I just have to think about it. Okay. So. I’m 
accelerating. That means the car is speeding up.  Okay.  So. I’m speeding up. I start at 
rest and I speed up. Can I draw a picture? 
T: Please do. 
(student draws a car with an arrow pointing to the right above it.)  
 S: I started at zero (puts  a zero on the left side of the arrow) and ended at 36 (and 36 on 
the right.) It took 9 seconds.  So…what happens every second? The speed goes up by 
four.  I remember this!  Okay so the acceleration is 4. And so I can’t use the first equation 
‘cause that doesn’t have acceleration. I want distance, distance, distance. ..so then x 
equals half a t plus v t. (student writes this on the white board) I got it now, Miss Fife.  Is 
this right? 
T: You tell me. 
S: Miss Fife! Okay, so, the x is what I want and the “a” is 4 and half of that is 2 and then 
the time which is 9.  And then I started from rest.  (student fills in the appropriate 
numbers as she talks) Then I multiply these which is 18. So the car went 18? 
T: 18 what? 
S: umm…meters? 
T: Is that a question? 
(Student rereads the question and nods) meters 
T: So -  
(Student interrupts) Which means that the car went 18 meters. (student holds up hand) I 



 63 

know Miss Fife, does that make sense?  Umm. Well, it was only going for nine seconds 
and you can’t get very far but it was going pretty fast at the end…I don’t kn – wait! I 
totally forgot the square. Miss Fife, why didn’t you tell me I forgot the square? (student 
erases work) It’s nine SQUARE. That’s 81. And then multiply by 2 and that’s (student 
punches on the calculator) 162. Meters. One hundred sixty two meters. That seems really 
far for only nine seconds.  Did I do something else wrong? Wait, don’t tell me, let me 
find it.  
Student falls silent 
T: Can you tell me what you’re thinking? 
S: I can’t figure out what I did wrong. I have the numbers in the right spot and I 
remembered to square it… 
T: Why do you think it’s wrong? 
S: because the number is so big. I mean, that’s nine seconds. I mean, if it’s going 36 
meters per second then…wait. Thirty six meters per second is 36 meters in one second. 
Times that by nine seconds and that’s (pauses while using the calculator) three hundred 
twenty four.  So it goes three hundred and twenty four?  That’s even bigger! Miss Fife, I 
don’t remember this. 
T: You’re doing fine. So which is it, the 126 or the 324? 
(Student pauses again, looks at her picture, and sighs) I don’t know. Probably the smaller 
one. 
T: Why that one? 
S: I don’t know. Because it’s smaller? Because…wait! It HAS to be that one because the 
car wasn’t doing 36 the whole time and the 324 is if the car was doing 36 the whole time. 
So the smaller one? 
T: Is that you’re final answer? 
S: Wait. No. I don’t know.  Yes? Yes. 
T: Ok. Thanks for doing this.   
S: Aren’t you going to tell me if I was right? 
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Video transcript 
May 5 
 
T: I think I finally got it working. Do you have the whiteboard? 
S: Yeah, but I need a different marker. (student tests markers and selects one) Ok. Ready.  
T: Go ahead and start then. Don’t forget to say everything you’re thinking. 
S: Sure. (reads the problem) Miss Fife, this is mean. I thought you were going to ask a 
question about electricity. I suck at –  
T (clears throat) 
S: Sorry. Geeze, Miss, do you hate me or something? 
T: Yup; I’m doing this just to torture you, personally.  Just do what you can, please.  
S: Alright. So. How far. That’s x. Or y if you’re falling. Can I make the car be falling 
instead? I think I remember that. Maybe. 
T: Do this one first and then you can throw as many cars off of cliffs as you want. 
S: Okaaay. So. X then. (looks over to the wall of equations and writes x=vt+x0 on the 
whiteboard) Looking for x and v is 36 and t is 9 so that’s (trails off as he writes out the 
multiplication on the board) three hundred and twenty six.  
T: Red balloons? 
S: meters. Three hundred twenty six meters. I’m brilliant! 
T: What - 
S: (student interrupts) It means the car traveled three hundred twenty six meters after 
speeding up from rest to…crap. (falls silent) 
T: What? 
S: It’s speeding up.  I totally just used the wrong equation. Dang! 
T: Why do you say that? 
S: It doesn’t have acceleration. And if I’m speeding up I need acceleration. So. Then 
something with acceleration. (writes down x=1/2at^2+vot) Here we go! Then looking for 
x and a is 36, no v is 36, what’s a?  You didn’t give me a, how am I supposed to do this? 
I don’t think there’s enough information.  Wait, I know what you’re going to say… “a” is 
acceleration. Acceleration is stuff speeding up. The car is speeding up. The car is 
accelerating. Miss, I don’t know!  
T: Keep going, you’re doing fine. 
S: Okay, so what’s happening every second? The car speeds up every second. How much 
is it speeding up? It’s zero to 36. In nine seconds. So that would be, what’s thirty six 
divided by nine…four? Four. Four what? Not red balloons. Four um. Meters per 
second…every second. Yes! Okay so then I put this here and get my x. So half of four is 
two and times that by nine.  Oops. Nine squared.  What’s nine squared? 81. Times that by 
81 (scribbles the multiplication on the side of the whiteboard) and it’s 162.  162 meters, 
Miss.  That means the car goes 162 meters when speeding up from rest to 36 meters per 
second.  Wooo! I am a fricken genius! 
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T: Thank you, [student name]. 
 
 
 
 
 
Video transcript 
May 6 
 
T: Start whenever you’re ready. Don’t forget to say what you’re thinking out loud. 
(Student reads the question out loud) What? We haven’t done this in so long, you expect 
me to still remember this, Miss?  
T: Just do what you can. 
S: I should get extra credit. (goes back to problem and falls silent) 
T: What are you thinking? 
S: That I don’t know how to do this. 
T: Give it a shot anyway.  
S: Oh, all right. (starts drawing a picture of a car) 
T: Can you tell me what you’re doing? 
S: I’m drawing the car. See? (draws a little more) Okay. So I’m looking for how far. 
Which equation do I use?  I don’t like using equations. Can I do a graph, instead? 
T: sure. 
(student draws a set of axis and pauses) I don’t remember how to do the graphs either, 
Miss.  
T: What’s it a graph of? 
S: distance. So this is distance (writes an x on the vertical axis) and this is time (draws a t 
on the horizontal axis) and the line would go from 0 to 36 (writes a 36 on the vertical 
column and draws a linear graph). Oh wait, I forgot the horizontal graph. It goes to nine. 
(draws a line horizontally from the 36 to the line, draws the line down, and then writes a 
9) Now what? 
T: You tell me. 
S: Well I’m looking for distance. Is that the slope? I think it’s the slope. So, rise over run. 
That’s thirtysix over nine. That’s four.  So it goes four. Umm. Meters. It goes four 
meters. Which means that the car moves four meters going from 0 to 36 meters per 
second in nine seconds.  I know what you’re going to ask next, Miss.  Does it make 
sense? Um. Hmm. I think so? I mean nine seconds isn’t very long. But it’s a car. How far 
is four meters?  Umm.  Wait…a meter stick is about this big (indicates with her hands) 
and so four like this.  That’s not, that’s not very far. I mean for a car. Maybe it’s a really 
slow car? Is it a slow car, Miss? 
T: I don’t know, what does the problem say? 
S: (rereads the question) That it’s going 36 meters per second. So what’s happening 
every second? It’s going 36 meters every second. Oh. So that’s, for nine seconds that’s, 
um…(pauses while she works the multiplication out on the whiteboard) that’s three 
hundred twenty four. Meters. That’s a lot different than four. So what did I do wrong on 
the graph? Is it the area? It’s the area, I always get the two confused. So it’s a triangle and 
a triangle is half of the thing. And the height is 36 and the base is 9 (works the math out 
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AGAIN on the board – near where she has it in the first place) and then divided by two 
(works the math out) so that’s 162. Meters. Wait. That’s not what I had before. Why 
doesn’t it match, Miss?  
T: You tell me. 
S: I don’t know. Because I’m dumb, I guess. 
T: No, you’re not.  Just think it through. 
S: (sighs) I know it’s not the slope because that answer doesn’t make sense so it has to be 
the area. But that doesn’t match the velocity, I mean the distance, over here (points to her 
recent calculation). I give up; I’m just not smart enough. 
T: Okay. Let’s look at this. How fast is the car moving at the beginning? 
S: Zero. 
T: How fast after nine seconds? 
S: 36.  
T: So what does that mean the car is doing? 
S: speeding up.  
T: What’s happening every second? 
S: The car is getting faster.  
T: By how much? Every second…  
S: Umm. By thirty six over nine…by four.  
T: four what? 
S: The car is speeding up four seconds; I mean meters per second, every second. Oh! 
That’s the acceleration.  
T: Now look at your graph. What do you have on the vertical axis? 
S: distance…oh! That should be the speed. (fixes the axis label)   
T: tell me about the slope. 
S: Rise over run…I did this it was….oh! It was four. So the slope is the acceleration. So 
the area has to be the distance. But why did I do wrong over here? (points to the 36*9)  
T: What do you think? 
S: I don’t know. My brain hurts. This is too much thinking. 
T: You said that the speed is thirty six for the entire nine seconds. What is the car doing? 
S: oooooh. It’s not 36 the whole time. I get it.  
T: Good. Thanks for your help.  
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Video Transcript 
May 7 
 
T: Whenever you’re ready. Don’t forget to say everything you’re thinking out loud. 
S: Okay! (reads the question out loud) Woah. Miss Fife, this is like, from forever ago!  
T: I know.  
S: Let’s see. (student falls quiet) 
T: Out loud please. 
S: Oh, right. Alright, the car is speeding up. So that means it’s accelerating.  And I’m 
looking for x. So. I can graph it or do an equation.  Which one do you want me to do? 
T: Whichever is easiest for you. 
S: I like equations. So. Oh. I need to draw my picture first, right? 
T: If you think it will help. 
(Student draws a car with an arrow over it, adds a 0 to the left of the arrow and a 36 to the 
right)  So. Zero to 36 in 9 seconds. So the rate it’s speeding up is 4. Um. Four meters per 
second every second. So. Then I use (pauses while he writes down x=1/2at^2+vot) and 
plug in the numbers (on a line just below the equation, he writes x=1/2*4*9^2) So then 
half of four and then 81 (writes out the multiplication for 2*81) and that’s, wait why did I 
write that out. Silly, that’s 162. One sixty two meters. So.  Do I have to say what that 
means?  Of course, I do. So, that means that the car goes a hundred and sixty two meters 
accelerating from zero to 36. Does that make sense? A football field is 100 meters, right? 
So one and a bit football fields in nine seconds.  Hmm.  That seems okay.  
T: That was fast. Are you sure? 
S: Why? Did I do it wrong? (looks over the math) Let me graph it just in case. (draws a 
set of axis and labels them v on the vertical and t on the horizontal) So, zero to 36…nine 
seconds (adds these points) Then a line…speeding up…moving forward (draws in a 
positive slope, linear curve) and then…is it the slope or the area? I always confuse those 
two.  If it’s the slope then that’s rise over run and that’s 36 over 9 which is 4. Oops. 
That’s my acceleration from earlier. So the slope then. I mean the area. Which is a 
triangle. A triangle is half a square. A square is base times height. So half of 36 times 9. 
Half of 36 is 13? No that’s twenty three. Hang on (writes out the math on the whiteboard) 
eighteen. Times 9 (writes it out on the whiteboard) one sixty two. So I was right! Miss 
Fife, why did you make me think I was wrong?  
T: I just asked if you were sure… 
S: but I was right.  
T: Yup, you were. Thanks for helping me out. 
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Video Transcript 
May 8  
 
T: Alright. When you’re ready. Don’t forget to talk through what you’re thinking out 
loud. 
S: Okay, Miss Fife. (student reads the question) Umm. It’s been a REALLY long time 
since we did this. So. Out loud, right? Ummm. The…uh…hmmm.  Okay so a picture 
first. (student draws a car with an arrow, records a 0 on the left side of the arrow, and a 
36 on the right) Umm. The car is speeding up.  So. It’s accelerating. How do you do 
acceleration, again? Oh wait, I don’t need that because I’m just looking for how far. (long 
pause) 
T: Out loud, remember? 
S: I’m stuck.  I guess I need an equation (looks at the wall and writes down x=vt+x0) 
And then v is 36 and t is 9.  So then, can I use a calculator? 
T: If you want. 
(student pulls out a calculator) So then…324.  Do I have to do this one like the 
homework? With the sentence? 
T: Please. 
S: So the car goes three hundred twenty four meters in nine seconds speeding up from 
zero to 36 meters per second.   
T: And…? 
S: And this is a reasonable answer. 
T: Because…? 
S: The car is moving fast?  
T:  The whole time? 
S: Well it’s not moving at the beginning. So just at the end.  (pause)  Wait. Something’s 
not right. (another pause) I don’t know what it is. I’m not….hmmm. I don’t… 
T: Why don’t you think it’s right? 
S: I don’t…it’s not like what we did before. I think it’s…oh, yeah. I always use the 
wrong equation. I got it wrong on the test, too.  But I got it right on the retake.  If 
something’s speeding up, I have to use an equation with acceleration in it. So I need to 
use a different one. But which one? Miss Fife, I don’t know… 
T: Do you have to use an equation? 
S: I know we did a bunch of graphing but I don’t remember that at ALL. 
T: Okay. Let’s back up. What do we know? 
S: There’s a car that speeding up and I need to find how far it goes.  
T: And what’s happening every second? 
S: The car goes faster.   
T: By how much? Every second… 
S: From zero to 36…nine seconds. So four.  
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T: four what? 
S: Four meters per second. Every second. So the first second it goes four and then eight 
(student starts making a table) and then 12…(student stops talking while she finishes out 
the table to nine seconds).  That’s how fast every second. 
T: Can you use that to find how far? 
S: I don’t think so. 
T: How about how far it goes each second? With the speeds you have written down? 
S: Maybe? How would I do that? 
T: What do these speeds tell you is happening every second? 
S: How fast the car is every second. Oh! So how many meters every second. So…these 
are every second…so it’s how far every second, too. So add them all together (student 
pulls out the calculator again) so 180? Meters? The car goes one hundred eighty meters in 
nine seconds from zero to thirty six? But…wait. Isn’t it always speeding up? Even during 
the seconds?  So this can’t be right either…but maybe it’s close? 
T:  It’s a reasonable estimate. A lot closer than your first answer. 
S: True.  Are these on the final? Are we going to review over this before the final?  
T: Yeah, we will.  Okay. Well, thanks for helping me with this – I really appreciate it. 
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Appendix D: Chemistry MCI and CCI Stats and Graphs 
 
 
Table D1: Stats by Class Period for the CCI and MCI pre test 

 
 
 
Table D2: Total Stats for the CCI and MCI pre tests 
  CCI MCI  CCI Pretest  MCI Pretest 

mean 30.16 55.96  # students 
% 

score   # students 
% 

score 
st dev 11.29 15.2  1 7  0 22 

median  29 52  2 11  1 26 
mode 29 52  2 14  0 30 
max  57 91  4 18  2 35 
min 7 26  8 21  6 39 

    4 25  7 43 
    9 29  2 48 
    4 32  9 52 
    4 36  4 57 
    8 39  4 61 
    3 43  7 65 
    1 46  2 70 
    2 50  2 74 
    1 57  2 78 
    0 61  4 83 
    0 71  0 87 
    0 79  1 91 

 Stats for CCI pre test for 08-09  Stats for MCI pre test for 08-09 
 First Third Fourth Fifth Sixth  First Third Fourth Fifth Sixth 

mean 29.37 29.29 30.71 31.25 29.95  57.97 51.30 52.61 53.26 63.21 
st dev 8.52 10.75 11.93 14.62 11.06  19.08 13.09 14.41 16.18 12.75 

median 29 29 29 30 32  57 52 52 52 61 
mode 29 29 29 21 39  39 39 43 52 61 
max 43 54 50 57 39  91 78 74 83 83 
min 18 14 14 7 11  39 35 26 30 43 
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Table D3: Stats for MCI Post Test 
 Stats for MCI Post Test    
 First Third Fourth Fifth Sixth  all data 
Mean 68.12 55.65 70.00 67.75 67.56  Mean 65.94 
mode 57 39 78 70 78  mode 78 
median 70 54 76 67 70  median 67 
st dev 12.10 13.25 11.85 12.77 12.50  st dev 13.1 
max 87 83 78 87 83  max 87 
min 57 39 48 48 43  min 39 

 
 
 
Table D4: Percent of students with correct answers for 
 each question on the MCI pre and post Tests 
 
question pre post 

1 92.59 94.44 
2 96.30 94.44 
3 75.47 74.07 
4 74.07 75.93 
5 24.53 29.63 
6 27.78 40.74 
7 57.41 75.93 
8 52.83 72.22 
9 83.33 92.59 
10 58.49 75.93 
11 94.44 100.00 
12 31.48 57.41 
13 61.11 79.63 
14 74.07 80.77 
15 30.19 40.74 
16 64.81 79.63 
17 75.93 83.33 
18 53.70 72.22 
19 14.81 11.11 
20 24.07 51.85 
21 73.47 81.48 
22 34.69 35.19 
23 71.43 83.33 
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Table D5: Stats for CCI Post Test 
  First Third Fourth Fifth Sixth Total 

mean 26.59 29.64 41.79 37.80 34.89 34.5 
median 25 25 38 38 32 32 
mode 25 25 29 39 32 32 
max 43 71 71 61 57 57 
min 11 11 14 21 21 11 

st dev 10.88 18.06 17.01 10.92 10.93 14.20 
 
 
Chart D1: MCI Test Comparison – pre and post 
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Chart D2: MCI Test Question Comparison – pre and post 
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Chart D3: CCI Test Comparison – pre and post 
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Chart D4: CCI Post Test Scores 
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Table D6: Statistical Analysis for MCI pre and mid test 
 
t-Test: Paired Two Sample for Means - pretest vs. post test  
   

  Pre test  Post test 
Mean 55.958132 65.942029 
Variance 231.869527 170.31066 
Observations 52 52 
Pearson Correlation   
Hypothesized Mean Difference 0  
df 51  
P(T<=t) one-tail 4.78747E-07  
P(T<=t) two-tail 9.57494E-07  
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Table D7: Statistical Analysis for CCI pre and post test 
t-Test: Paired Two Sample for Means  
   

  pre post 
Mean 30.1587 34.4577 
Variance 127.3906 201.7508 
Observations 52 52 
Pearson Correlation 0.3204  
Hypothesized Mean 
Difference 0  
df 51  
P(T<=t) one-tail 0.020  
P(T<=t) two-tail 0.041  

 
 
Table D8: Normalized gain for all tests 

MCI pre to post 0.23 
    

CCI pre to post 0.056 
h = (average posttest score - average pretest score) / (100 - average pretest score) 
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Appendix E: Chemistry Modeling Unit Analysis for 07-08 and 08-09  
 
 
Table E1: Stats for chemistry modeling units over two years (07-09) 

  2007-2008 school year 

  
Unit 2 

Behavior  of Gases 
Unit 5 

Molar Quantities 
Unit 7  

Stoichiometry 
mean 77.06 66.63 71.21 
mode 68 56 77 

median 78 69 77 
st dev 12.11 23.88 21.31 
max 97 100 98 
min 33 8 18 

     
     
  2008-2009 year 

  
Unit 2 

Behavior  of Gases 
Unit 5 

Molar Quantities 
Unit 7  

Stoichiometry 
mean 80.86 64.47 71.76 
mode 71 100 87 

median 80 65 76 
st dev 22.85 29.79 17.54 
max 100 100 100 
min 28 15 26 

 
 
Table E2: Statistical Analysis for Unit 2 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal Variances 
   

  07-08 08-09 
Mean 77.06 80.86 
Variance 145.2398 522.0735 
Observations 52 54 
Hypothesized Mean 
Difference 0  
df 51  
t Stat -0.17606  
P(T<=t) one-tail 0.12472021  
P(T<=t) two-tail 0.24944043  
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Table E3: Statistical Analysis for Unit 5 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal Variances 
   

  07-08 08-09 
Mean 66.63 64.47 
Variance 570.4374 887.2996 
Observations 52 54 
Hypothesized Mean 
Difference 0  
df 51  
P(T<=t) one-tail 0.679771  
P(T<=t) two-tail 0.24944043  

 
 
Table E4: Statistical Analysis for Unit 7 07-08 and 08-09 
t-Test: Two-Sample Assuming Unequal Variances 
   

  07-08 08-09 
Mean 71.21 71.76 
Variance 454.0524 307.7365 
Observations 52 54 
Hypothesized Mean 
Difference 0  
df 51  
P(T<=t) one-tail 0.4422599  
P(T<=t) two-tail 0.8845198  

 
 
Table E5: Stats for chemistry modeling student AIMS results over two years (07-09) 
 

  2007-2008 2008-2009 
mean 66.23 65.30 
mode 59 69 

median 66 66 
st dev 8.11 10.02 
max 79 82 
min 48 43 

exceeds 11 10 
meets 41 41 

approaches 0 3 
FFB 0 0 
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Table E6: Stats for chemistry modeling Unit 7 BCA table data over two years (07-09) 

  2007-2008 2008-2009 
mean 77.19 91.08 
mode 100 100 

median 91 100 
st dev 28.66 16.73 
max 100 100 
min 0 36 

   
   
  

  
Unit 2 

Behavior  of Gases 
Unit 5 

Molar Quantities 
mean 80.86 64.47 
mode 71 100 

median 80 65 
st dev 22.85 29.79 
max 100 100 
min 28 15 

 
Table E7: Total stats for AIMS and BCA portion of Unit 7 test over two years (07-09) 

AIMS Results 
2007-2008 2008-2009 

Range % of students Range % of students 
<40 0 <40 0 

40-45 0 40-45 6 
45-50 4 45-50 0 
50-55 2 50-55 13 
55-60 29 55-60 7 
60-65 13 60-65 20 
65-70 17 65-70 24 
70-75 15 70-75 11 
75-80 19 75-80 13 
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BCA Results 
2007-2008 2008-2009 

Range % of students Range % of students 
<10 6 <10 0 

10-20 2 10-20 0 
20-30 2 20-30 0 
30-40 2 30-40 2 
40-50 8 40-50 2 
50-60 2 50-60 4 
60-70 12 60-70 9 
70-80 6 70-80 0 
80-90 8 80-90 4 
>90 54 >90 80 

 
 
Table E8: Statistical Analysis for BCA portion of Unit 7 test  
t-Test: Two-Sample Assuming Unequal Variances 
   

  07-08 08-09 
Mean 77.19 91.08 
Variance 65.78884 279.8713 
Observations 52 54 
Hypothesized Mean 
Difference 0  
df 51  
P(T<=t) one-tail 0.001621779  
P(T<=t) two-tail 0.003243559  
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Table E9: Statistical Analysis for AIMS scores over two years (07-09)  
t-Test: Two-Sample Assuming Unequal Variances 
   

  07-08 08-09 
Mean 66.23 65.30 
Variance 65.78884 100.4011 
Observations 52 54 
Hypothesized Mean 
Difference 0  
df 51  
P(T<=t) one-tail 0.299099  
P(T<=t) two-tail 0.598198  

 
 
Chart E1: Chemistry student AIMS results over two years (07-09) 
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Chart E2: BCA table proportional reasoning test result (07-09) 
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Chart E3: Chemistry student AIMS vs. BCA portion of Unit 7 test (07-08) 
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Chart E4: Chemistry student AIMS vs. BCA portion of Unit 7 test (08-09) 
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Chart E5: Chemistry student AIMS vs. BCA portion of Unit 7 test for two years (07-09) 
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Appendix F: Chemistry Field Note Transcripts  
 
Field Notes/Interview on Gingerbread Man 
March 24, 1st period 
CS = Chemistry Student 
 
CS 2: What are we supposed to do? 
CS 1:  What she said – count out 5 beans and 8 peas. 
CS 2: Are the red ones the beans? 
CS 1: Yeah.   
CS 2: OK… 5 beans and 2 peas – do we use them all up? (Places beans and peas on 

the gingerbread man outline.)  I can only do one. 
Teacher: Why, K? 
CS 2: I don’t have enough red ones – but I have extra white ones. 
Teacher: We call those excess but we’ll talk about that later.  What does this tell you 

about the amounts you need? 
CS 1: You gotta have enough red ones – kidney beans. 
Teacher: To… 
CS 2: make more 
Teacher: OK.  Let’s talk about the one you did make.  How many of each did you use? 
CS 1: 2 peas, 5 beans. 
CS 2: 2 white and 5 red. 
Teacher: What is the relationship between the number of peas and beans you need? 
CS 1: You need 2 peas and 5 beans. 
Teacher: To do what? 
CS 1: (Sigh.) To make a gingerbread man. 
Teacher: Can you say that in a sentence. 
CS 1: For every gingerbread man, you need 2 peas and 5 beans. 
CS 2: (Proudly!) 2 to 5, You need a 2 to 5 ratio! 
Teacher: And that means? 
CS 2: What F said. 
Teacher: You say it. 
CS 2: It takes 2 beans and 5 peas to make a gingerbread man. 
CS 1: You said it backward. 
CS 2: What? 
CS 1: You said 2 beans and 5 peas. 
CS 2: Oh, every gingerbread man needs 5 beans and 2 peas. 
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Teacher to board… 
 
Teacher: It looks like you’re all finished.  Let’s see if we can sum up what we did in an 

“equation” or reaction. How could we write the equation? 
Class: (Blank stares.) 
Teacher: Okay… does this give you a hint? (draws on board) 
 
_________________  + ______________________    ___________________ 
 
Teacher: Does that help?  What goes here? (points to first blank) 
CS 3:  black-eyed peas 
CS 4: 2 black-eyed peas 
Teacher:   (fills in blank) Good. And here (points to second blank)  
CS 3: 5 kidney beans 
Teacher: (fills in blank) Good. And we make… 
CS 5: 1 gingerbread man. 
Teacher: Cool beans. 
Class: groan 
Teacher: Somebody sum this up – raise your hands.  What does this mean?  Katie? 
CS 6: 2 black-eyed peas + 5 kidney beans make 1 gingerbread man. 
Teacher: Can anyone say it differently? 
CS 3: To make 1 gingerbread man, you need 2 black-eyed peas and 5 kidney beans. 
 
Field Notes/Interview on Gingerbread Man 
March 24, 4th period 
CS = Chemistry Student 
 
CS 1: So we have 6 black-eyed peas and 4 beans.  Each gingerbread man needs 2 

beans and 4 black-eye peas.  So we put them here… and here … (places 2 
beans on each of 2 gingerbread men outlines).  Now… 

CS 2: You’re gonna run out. 
CS 1: What?  Oh yeah, we don’t have enough white beans… 4 here 
CS 2: We have 2 left over.  Miss Fortune, we don’t have enough. 
Teacher: Hmmm.  What does that tell you? 
CS 1: We don’t have enough? 
Teacher: And? 
CS 1: Well, we need 2 more black-eyed peas to make a whole other one. 
Teacher: Each gingerbread man needs? 
CS 2: 4 black-eyed peas and 2 eyes – beans.  We don’t have enough black-eyed 

peas to make another one. 
Teacher: Let’s talk about the one you made. 
CS 2: 4 black-eyed peas and 2 beans. 
CS 1: We need twice as many black-eyed peas and beans. 
Teacher: Okay… tell me that in a sentence. 
CS 2: You need two times as many black-eyed peas as beans. 
Teacher: To? 
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CS 1: to make a gingerbread man. 
CS 3: (from the next table) Do we have to say it? 
Teacher: Yeah!  What a great idea!  Can you sum it up for me? 
CS 3: You need 4 black-eyed peas and 2 kidney beans for every gingerbread man. 
Teacher: (To class) That sounds like chemistry.  (Walks to board.) 
 Does this sound like a chemical reaction?  How could we write that?  
CS 4: Oh.. black-eyed peas + kidney beans make a gingerbread man. 
Teacher: (writes equation:  BEP   +   KB    GBM)  What do we call this? 
Several students:  a reaction, an equation. 
Teacher: Without the numbers?  (wait)  Remember skeleton equations?  What is it 

missing? (silence)  What did we just do with the gingerbread man?  
CS 4: Put a 4 by the BEP and a 2 by the KB. 
Teacher: What about the GBM?  Are we finished? 
CS 5: You could put a 1 but you don’t have to. 
Teacher: OK.  Now, what does this mean? 
CS 5:   Every gingerbread man needs 2 kidney beans and 4 black-eyed peas. 
CS 6: 2 kidney beans and 4 black-eyed peas make one gingerbread man. 
Teacher to board… 
 
Teacher: It looks like you’re all finished.  Let’s see if we can sum up what we did in an 

“equation” or reaction. How could we write the equation? 
Class: (Blank stares.) 
Teacher: Okay… does this give you a hint? (draws on board) 
 
_________________  + ______________________    ___________________ 
 
Teacher: Does that help?  What goes here? (points to first blank) 
CS 3:  black-eyed peas 
CS 4: 2 black-eyed peas 
Teacher:   (fills in blank) Good. And here (points to second blank)  
CS 3: 5 kidney beans 
Teacher: (fills in blank) Good. And we make… 
CS 5: 1 gingerbread man. 
Teacher: Cool beans. 
Class: groan 
Teacher: Somebody sum this up – raise your hands.  What does this mean?  Katie? 
CS 6: 2 black-eyed peas + 5 kidney beans make 1 gingerbread man. 
Teacher: Can anyone say it differently? 
CS 3: To make 1 gingerbread man, you need 2 black-eyed peas and 5 kidney beans. 
 
Field Notes/Interview on atomic masses 
March31, 1st period 
CS = Chemistry Student 
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Teacher: The next thing we need to do is calculate the molar masses of beanium and 
bepium.  We did this before.  The first thing we need is, well, let’s start with 
this:  What’s a molar mass? 

CS 6: I forgot. 
Teacher: [CS 7]? 
CS 7: [shrug] What are you looking at me for? 
Teacher: [CS 8]? 
CS 8: We did it before but – oh, we added the masses? 
Teacher: Close.  We added the atomic masses.  That’s a start.  What is the atomic 

mass?  What does it represent? 
 [wait time] 
 Anyone know? 
 [wait time] 
CS 6: Oh, I know!  The number up there (points to the periodic table) 
CS 9: The one at the bottom. 
Teacher: And that number is? 
Several: The one at the bottom. 
Teacher: And that number means? 
CS 9: Oh, it’s a mole. 
Teacher: And a mole is? 
CS 8: 23 times… no, 2.3 times 10, 10 to the something. 
Teacher: More generally a mole is? 
CS 8: Oh, it’s a unit. 
Teacher: Unit? 
CS 8: It’s a number. 
CS 10: I have it!  [looking through notes] It’s 6.02 times ten to the 23rd.   
Teacher: So a mole is? 
CS 10:: 6.02 x 1023. 
Teacher: What? 
CS 10: Things. 
Teacher: So what does the atomic mass mean? 
CS 10: 6.02 x 1023 molecules. 
Teacher: Molecules? 
CS 8: or atoms.  Depends. 
Teacher: Okay… so a mole represents 6.02 x 1023 things… particle, atoms, 

molecules, donuts, beans.  Let’s count out 6.02 x 1023 beans and find the 
atomic mass of beanium.  

CS 11: [Expletive] we can’t count out that many.  It would take too long. 
Teacher: [CS 10] Watch your mouth. 
CS11: Sorry. 
CS 8: Yeah, [CS 10] watch your mouth. 
Teacher: Stop. Come on.   
 Can someone summarize this for me?  A mole is? 
CS 7: 6.02x 1023 
Teacher: [bang head] 
CS 6: A unit that means 6.02 x 1023 



 89 

Teacher: of? 
CS 6: Something. 
Teacher: A mole is a “counting unit” that represents 6.02 x 1023 objects. 
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Appendix G: Chemistry Video Transcripts 
 
Video transcript of BCA table application 
May 20, 4th period 
CS = Chemistry Student 
T = Teacher 
 
T:  okay go. 
CS1:  In this equation [points to balanced equation] we have 4 moles of hydrogen 

sulfide and we want to find out how many moles of hydrogen chloride we’ll have.  
So, since we have 4 moles of hydrogen sulfide, how many moles of copper 
chloride will we have? 

CS2:  We should have two. 
CS1:  Actually no.  It should be 8 because it’s two times [points to coefficients]. 
CS2:  2 to 1 yeah, OK.  So you multiply it by two and you get 8. 
CS1:  [points to equation and table] 2 to 1, 1 to 1… 8 and 4, 4 and 8, [to me].  So was 

that good? Am I okay? 
T:  You’re fine, you’re fine, keep going. That’s good.  You got yourself out of the 

tangle just fine so keep going. 
CS2:  So 8 moles of… 
CS1:  Good. 
T:  So put 8 there. Good.  All right, keep going. 
CS2:  And we’re going to end up using all of it. 
CS1:  so it’s -8 and -4 [writes this in BCA table] 
T:  Good. 
CS2:  and zero at the bottom… zero at the bottom …and we start out with nothing…. 

[writing] And nothing here…And the ratio is 2 to 1…And 4 moles here and 8 
here 

T:  And how do you know which one’s 4 and which one’s 8? 
CS2:  the coefficient 
T:  right 
CS1:  because there’s 2 times as much hydrogen chloride 
T:  it’s all about the coefficients 
CS2:  So that’s 4 and we have 8 moles of HCl 
T:  perfect, good job, guys.   
 
 
Video transcript of BCA table application 
May 21, 6th period 
CS = Chemistry Student 
T = Teacher 
 
CS1:  [first couple of words cut off]… 05 moles of hydrogen sulfate 
CS2:  now what? 
CS1:  Well now we have zero products because we don’t start off with any products 

because we’re making a product.   And then we have to calculate how much 



 91 

copper II chloride (sic) we would have.  And we would do a ratio of 2 to 1 so then 
we would multiply this mole by 2 which would give us 8.01 (sic).  Then the 
change is 4.05 moles and we put that down here.  And subtract… then we would 
subtract that from this.  And we would get zero for this.. 4.05 for that.  Then for 
the products, these two have the same ratio so this would be 4.05.  And you 
would add 0 plus 4.05 and you’d get that.   And this has a two to one ratio so 
we’d multiply by two just like we did over here and we get 8.01.  And we add this 
plus this and we get 8.01.  And that’s how we solve it. 

T1:   Why did we only use half of the 8 moles? 
CS1:  So you would subtract all of the product? 
T1:  Reactant. 
CS1:  Reactant? 
T1:  Yeah. 
CS1:  So it would actually be 8.01 and you would have zero left. 
T1:  Exactly.  There you go, good job. 
 
Video transcript of BCA table application 
May 21, 3rd period 
CS = Chemistry Student 
T = Teacher 
 
S1:  All right so we have.. so we’re told we have 139 grams of hydrogen sulfide so, 

and that converted to moles is 4.80, oh-eight,  [writes 4.08 moles]. And… (places 
zeros under products). 

S2:  Why are the zeros there? 
S1:  Because in the beginning of a reaction, in the beginning there is no product yet 

because the reaction hasn’t happened.  And our ratio is a 2 to 1 ratio [points to 
equation and BCA table] because you want to have twice as much copper 
chloride so 4.08 times 2 is 8.16 [writes].  Now, you subtract 8.16 because that’s 
how much you’re using in the reaction and you subtract 4.08…And your product 
will be  4.08 because the, the coefficients are the same so you have to add...And 
the coefficient for H- hydrogen chloride is the same as the copper chloride so it 
will be plus 8.16…And at the end of the reaction, you won’t have any copper 
chloride left or hydrogen sulfide [writes zeros for these quantities].  But you will 
have 4.08 moles and 8.16 moles of hydrogen chloride at the end of the reaction.  
And to convert that to grams you take 8.16 times 99 grams because that’s how 
much hydrogen chloride’s weight...mass is over one mole…And we get 807.84 
grams and that’s your final answer. 

T:   Which did they ask us for the final mass of?  Did they ask us for… 
S1:  They asked us for grams. 
T:  Did they ask us for one of the products or one of the reactants? 
S1:  They asked us for …. one of the products…. reactants. Oh, copper chloride 
T:  Yeah, you said HCl instead of copper(I) chloride, no problem.  You did a 

beautiful job of explaining it. 
S1: Do you want me to redo it? 
T: No, it’s fine.  
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Appendix H.  Explanation of Before-Change-After (BCA) Table 
 
The traditional problem solving process in stoichiometry often requires students to 
perform a long series of calculations converting grams of one substance to moles or 
particles, using a molar ratio to account for the relative amounts of the substances used or 
produced during a chemical change, and, finally, converting moles to mass to arrive at a 
final answer.  Whew!  It’s no wonder students get lost in this process! 
 
The Modeling Chemistry curriculum developed the BCA table to help students focus on 
developing reasoning skills to help them focus on what is actually occurring in the 
chemical reaction rather than focus on the algorithm of the math.  The challenges 
students to predict the molar quantities involved in a chemical change.  The construction 
of this requires a balanced chemical equation followed by three lines for the initial molar 
amount (Before), the effect of the reaction (Change), and the final amount (After).   
 

Equation:     ___  X    +   ____ Y      →   ____ XY   
Before:        _______ _______ _______ 
Change      _______        _______      _______            
After _______ _______ _______ 

 
An example is shown for a scenario using an initial molar quantity of 4 moles of 
chlorine. (See Figure 22.) 

 

 
Figure 22: BCA table 
 
This example is an example constructing a BCA table for the formation of sodium 
chloride.  Students were asked to predict the number of moles of sodium they would need 
and the number of moles of sodium chloride that could be produced from 4 moles of 
chlorine gas. 
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The first step in this process requires students to balance the chemical equation.   Because 
they are given 4 moles of chlorine, that quantity is placed in the Before row under Cl2.  
To calculate the molar quantity of sodium, students need to consider the ratio of chlorine 
to sodium given in the chemical equation, in this case, 1:2. Thus, twice as many moles of 
sodium are required to completely use up the 4 moles of chlorine so the student writes 8 
under sodium in the Before row.  A zero is placed under the product in the Before row 
because no product is present at the beginning of the reaction. 

Next students consider the change that occurs in the reaction.  In this example, we are 
using up all of our reactants so all of the molar quantities from the Before row for each 
reactant are subtracted in the Change row.   The product is created so the change there is 
indicated by added the appropriate molar amount.  Here, the molar quantities of sodium 
and sodium chloride are equal so we add 8 moles of sodium chloride.   

The final step is to add the Before and Change rows to obtain the amounts present at the 
end and place this value in the After row.  We have used up all of our sodium and 
chlorine and have produced 8 moles of sodium chloride. 
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Appendix I:  Internal Consistency Reliability of MCI 
 
According to Sharon Osborn Popp (email communication), Math Concept Inventory 
student data that from 2006 and earlier tends to generate internal consistency reliability 
estimates (a.k.a. Cronbach's alpha coefficients [Cronbach, 1951]) of between .66 and .80. 
 
The estimate on the 2007 MCI data (N=175) was .83. 
 
Internal Consistency Reliability 
 
Reliability indicates the degree to which scores are free from random errors of 
measurement. Lower reliability values generally increase the standard error of 
measurement associated with the instrument (meaning less confidence in the accuracy of 
a score).  Higher reliability is important for reporting or decision making on an individual 
level, since the standard error of measurement provides a margin of error around an 
observed score.  A large standard error of measurement reflects less accurate estimation 
of student ability by the assessment. Reliability values below .70 are often considered 
unacceptable, with values over .80 preferred (see e.g., Nunnally & Bernstein, 1994). 
When drawing inferences from group level data (like much educational research), over 
.80 is often considered sufficient. For making individual determinations (like pass/fail 
decisions), reliability estimates exceeding .90 are often considered necessary. While high 
estimates of reliability are preferred, factors that can attenuate reliability estimates 
include low numbers of items and restricted range of sample (e.g., all gifted 
students). 
 
Cronbach, L. J. (1951). Coefficient alpha and the internal structure of tests. 
Psychometrika, 16, 297-334. 
 
Nunnally, J. C., & Bernstein, I. H. (1994). Psychometric Theory (3rd ed.). New York: 
McGraw Hill. 


