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Project Pathways: Connecting Engineering Design to  

High School Science and Mathematics in a  

Mathematics Science Partnership Program 

 

 

Abstract 

 

An NSF Math Science Partnership, Project Pathways: Opening Routes to Math & Science 

Success for All Students, is targeting mathematics and science learning and achievement in 

grades 9-12 by connecting mathematics with context-rich content and processes in science and 

engineering. The project will produce a research-based and tested model to support secondary 

mathematics and science teachers in four partner school districts which have demographics 

mirroring those of Arizona with 45% minority students. Mathematics, science, engineering and 

education faculty are teaming with community college master teachers to produce modules for 

four courses. The courses promote conceptual competence in core content subjects and problem 

solving process behaviors in scientific inquiry, mathematical problem solving, and engineering 

design. The unifying concept of understanding and using mathematical function and covariation 

is applied throughout the courses. Professional learning communities enhance teacher 

communication and develop shared knowledge that facilitates use of new content and teaching 

strategies in their own classrooms. The unifying concept, developed in the first pilot Functions 

and Modeling course, is being integrated into science and engineering topics in the following 

three courses.  An example is its use in the Universal Gas Law for design in the Hot Air Balloon 

Project. Teacher change in the pilot course showed improved understanding of the function and 

covariation concept which will facilitate modeling later in engineering design. Language and 

notational barriers between the mathematics and science teachers were reduced which will 

facilitate team-based projects in engineering design. Mathematics teachers found science 

contexts facilitates modeling physical relationships in science and design. Science teachers 

awareness of mathematics in their own courses increased which will facilitate modeling in 

engineering design. Additional detail and results are described in the paper. 

 

Introduction 

 

There is a need to improve performance in mathematics and science of high school students in 

Arizona because fewer than 25% of Arizona students score “proficient” or higher on the National 

Assessment of Educational Progress test
1
. Additionally, 43% of Arizona’s Hispanic students, 

more than 30% of blacks, and 48% of Native Americans fail to earn high school diplomas
2
. 

Minority students who do graduate often cannot meet university admissions requirements 

because they lack four years of mathematics
3
. Better teachers would help, but preparing them is 

difficult because, like elsewhere, most Arizona teachers receive limited professional 

development (PD) support. A recent report concluded that the state’s secondary mathematics and 

science teachers spend an average two days per year in PD activities that focus on deepening 

knowledge of math and science or improving their methods for teaching those subjects
4
. 

 

To address the issues of teacher preparation and underperforming students, NSF has funded a 

five-year Math Science Partnership program at Arizona State University entitled, Project 

Pathways: Opening Routes to Math & Science Success for All Students. It is based on an in-
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service teacher enhancement model for improving mathematics and science learning and 

achievement for students in grades 9–12. Research shows that improvements in student learning 

begin with new models of content-specific PD for teachers. Thus, the overarching goal of the 

Pathways project is to produce a model that generates a new PD delivery system for supporting 

secondary STEM (science, technology, engineering and math) teachers’ continued professional 

growth. The model is creating experiences and tools that are shifting the instructional approach 

in secondary STEM classrooms in order to provide students with the STEM content 

understanding and process behaviors that will enhance opportunities for success in University 

STEM courses or majors.  The model involves a school/university/community partnership. Core 

partners include four school districts whose demographics mirror those of Arizona (Chandler, 

Mesa, Tempe, and Tolleson) and the Center for Research on Education in Science, Mathematics, 

Engineering, and Technology (CRESMET) at Arizona State University.  The supporting partners 

are the Intel Corporation and Maricopa Community College faculty. 

 

The goal of this paper is to present an overview of the theory, approach, strategy, and activities 

of Project Pathways, as well as preliminary results on teacher change during the first PD pilot 

course on Functions and Modeling and the possible impact on the engineering design course.  

 

Approach and Strategy 
 

The approach addressing previously described issues is development of a model, Figure 1, that 

institutionalizes the support structures, personnel development, and instructional sequences of a 

content-focused professional development program as supported by professional learning 

communities (PLCs). It is being implemented through a sequence of four module-based graduate 

courses coordinated with school-based PLCs. The on-site activities promote same-school teacher 

communication, which can enhance pedagogical content knowledge and sustainability of 

classroom-based reflection. It is also provides teachers with the opportunity to earn a Master’s 

degree of Natural Science (MNS) in content at ASU. The four courses taught or under 

development include: 1) Functions and Modeling (Spring 2005 and 2006); 2) Connecting 

Chemistry, Physics and Mathematics (physical sciences) (Fall 2005 and 2006); 3) Connecting 

Biology, Geology and Mathematics (natural sciences) (Spring 2006 and 2007); and 4) 

Integrating Mathematics, Science and Engineering (Fall 2006 and 2007).  

 
Figure 1. The Professional Support System and Master’s Degree for Inservice STEM Teachers 

Teachers 

Teachers and 

Administrator 

Develop 

Local Plan 

Classroom 

Instruction 

with Support 

Tools 

Local 

Leaders 

Emerge 

Workshop 

Course 1 

Classroom 

Research 

Experience 

Administrator 

High-

Functioni

ng 

Vertical 

Teams in 

Participate in  

Local Learning 

Communities 

 

Implement 

Assessment 

Tools 

 

STEM Ed 

Master’s 

Degree 

Leads 

and Supports 

Implementation 

 

… Workshop 

Course 2 

Workshop 

Course 

Activity Goal Participant Supporting 

Activities 

Activity 

Flow 

P
age 11.1044.4



 

Each course is being taught to high school science and math teachers from four local school 

districts with classes of 8 to 30 participants.  Courses are taught on-site in each of the four school 

districts once a week for 3 hours in late afternoon. The composition of teachers is about 55% 

mathematics, 25% biology and the remaining 20% chemistry and physics. The modules for each 

course have been developed by teams of 4 to 6 university and community college faculty. In 

each classroom there are two instructors and two teaching assistants.  The instructors may be 

university or community college faculty or high school master teachers. The professional 

learning communities are held once a week for one hour and are overseen by a facilitator who is 

a usually a graduate student. In the first pilot course on Functions and Modeling there was some 

discussion about classroom practice, but much time was spent discussing homework.  The PLC 

format has been modified for the second cohort Functions and Modeling course with the 

facilitators receiving much training toward facilitating teachers’ metacognition and reflections on 

their own practice.  This has improved the quality of discussion and enhanced understanding of 

course concepts, content and processes. The model for the PLCs will continue to be refined. The 

time line for module development and teacher participation is shown in Figure 2. 

  

Figure 2. Module Timeline 
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of knowledge
6
. This forces teachers to use lectures to deliver content, which emphasizes 

procedure over engagement. This deters hard-thinking explorations that help develop critical 

minds with the capability to deeply understanding mathematical, scientific and engineering 

concepts
7
. In a high minority-population state like Arizona, superficial teaching of STEM 

subjects disproportionately undermines STEM learning of minority and low-income students
8
.  

 

Theoretical Basis for the Project Design 

 

The theoretical basis for the project design consists of three facets. The first is the unifying 

principle of the project, which is the concept of mathematical function and covariation, a strand 

that runs through the four courses. The second facet is implementation of this concept in the 

courses through STEM process behaviors. These are the steps that occur in the processes of: a) 

effective problem solving behaviors; b) scientific reasoning abilities; and c) engineering design 

processes. The third facet is the use of PLCs, which generate the discussion, dialogue and 

metacognition that support understanding and reflection on the concept of function and 

covariation and its use in process behaviors. The research foundation for these three facets in 

design of the project is discussed below. 

 

The first facet, mathematical function and covariation, is often used by scientists and engineers as 

a mathematical model of change. Teachers are exploring the concept vertically across grade levels 

and horizontally across science applications (biology, geology, physics, and chemistry) and 

engineering design. Understanding function and covariation is essential for students’ future 

success in calculus
9
  and is critical for retaining minority and female students, whose progress in 

math and science often founders at the precalculus level. The concept is so complex that even 

high-performing students may exhibit a weak and disconnected understanding of it
10
. The primary 

source of this is teachers’ weak understandings
11
, which forces them to use a procedural approach 

to teach functions to their students
12
. Carlson, et al.

 13
 have developed guiding frameworks for 

defining and assessing students’ function and covariation knowledge and emerging understanding. 

The modules in each course feature examples of function and covariation as mathematical models 

of change that scientists and engineers use to quantify reproducible patterns of phenomena in 

natural and physical science and engineering design. For example, in biology, a problem solver 

might model impact of an invasive plant on an ecosystem as a function of its average rate of 

growth per year. In engineering design, a problem solver could link function and associated 

covariation in rate of velocity change in Newton's Laws to help describe deceleration in an Egg 

Drop Project. Sharing instructional approaches between mathematics, the science, and engineering 

is yielding new ways of making these foundational ideas relevant and accessible to students.  

 

The second facet of the project, STEM process behaviors, provides a unified approach to 

implementing the concept of function and covariation in the four courses. As stated earlier, the 

behaviors include: a) effective problem solving behaviors
14
; b) scientific reasoning abilities

15
; 

and c) engineering design principles
16
.  Each process behavior consists of iterations of a series of 

steps or, in effect, cycles, that lead to a final result. It turns out that the cycles in mathematical 

problem solving bear similarities to those used in scientific inquiry and in the engineering design 

process. Each will be discussed briefly. 

 

P
age 11.1044.6



In mathematics, problem solving behaviors of strong mathematicians involve intense initial 

efforts of sense making followed by cycles of the steps of conjecture, test, and evaluate
17
. A 

well-connected conceptual knowledge is also essential for effective decision making and 

execution throughout the problem solving process. An emergent four-phase framework 

(orientation, planning, execution, and checking) provides a detailed characterization of various 

problem solving attributes (resources, affect, heuristics, monitoring) and their role and 

significance during each of the problem solving phases.  The effectiveness of the problem 

solvers in making intelligent decisions leading to productive paths is a result of their ability to 

draw on a reservoir of well-connected conceptual understandings, heuristics, and facts, as well as 

an ability to manage their emotional responses. This framework is helping guide module 

development as well as examining emergent problem solving behaviors of secondary STEM 

teachers and students. The cycles in mathematical problem solving bear similarities to the cycles 

used in scientific inquiry and the cycles used in the engineering design process. This project’s 

interdisciplinary team facilitates sharing of scientists, mathematicians, and engineers disciplinary 

approaches for helping learners understand complex concepts. 

 

In science, the development of reasoning abilities/skills/patterns has also been the subject of a 

long line of research within developmental psychology and science education
15
. The scientific 

method, as simplified, consists of cycles of the steps of observation, hypothesis, prediction, 

verification by experiment, and evaluation. This cycle is then iterated to refine, modify, or refute 

the hypothesis. Understanding and use of such as a reasoning pattern plays an important role in 

the ability to do science and to construct science concepts. Consequently, among the project's 

goals is helping teachers and students develop general hypothesis-testing skills by encouraging 

them to raise, and answer, questions that emerge during lab activities.  

 

In the engineering design process, the goal is to solve a technological problem or create a 

technological process, artifact or system. In the design cycle there is a series of steps employed, 

which are usually iterated as cycles, to achieve the end result
16
. Briefly, the design process may 

consist of the following steps: define a problem or need; specify the functional requirements and 

constraints to be fulfilled; brainstorm alternative solutions; evaluate solutions based on the 

criteria in requirements and constraints; use the proposed solution to fabricate a prototype and 

create an associated mathematical model; test and evaluate the prototype and model; and iterate 

to refine or modify the solution or, select another solution. In order to fully implement the design 

process, the concept of function and covariation must be used in conjunction with the scientific 

principles that describe the physical phenomena associated with the proposed design solution.  

Thus, in the Pathways project, the first course in Functions and Modeling, and the second and 

third courses in science, provide a critically necessary foundation for the activities and design 

projects in the Integrating Mathematics, Science and Engineering course. 

 

In the third facet of the project, PLCs, research indicates that one of the best ways for teachers to 

improve their knowledge and skill is to spend more time not with their students, but with their 

colleagues
18
. The National Partnership for Excellence and Accountability in Teaching

19
 suggests 

that teachers are more likely to change when they feel involved and supported in a collegial 

community of learners. DuFour & Eaker
20
 define highly effective professional learning 

communities as ones in which: 1) teachers gain conceptual and pedagogical knowledge and 2) 

transfer that knowledge into observable and quantifiable improvements in their classroom 
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practices that 3) lead to increased student learning.  An approach this project is using in 

organizing effective teacher learning communities is having teachers explore challenging content 

and problem solving in teams
21
.  

 

Program Objectives 

 

The Pathways program has eight measurable objectives that are being assessed by a variety of 

instruments and techniques such as surveys, concept inventories, focus groups, and classroom 

videos.  The details of these instruments will not be discussed here except for those that have 

been used later in the section describing initial preliminary results.  The objectives listed below 

have target audiences associated with the project who are; high school teachers, high school 

students, introductory course college teachers, introductory course college students and 

community college teachers. While all of the Pathways program objectives are listed below, only 

initial preliminary results will be reported for secondary math and science teachers for the first 

course, as well as the potential impact later on the engineering design course. Future reports will 

expand the target audiences and remaining courses as the project progresses. The objectives for 

the Pathways program include: 

 

• Shift teachers’ practice to inquiry and project-based methods, 

• Increase teachers’ ability to reflect on, monitor, and adjust their classroom practices, 

• Deepen teachers’ understanding of mathematics, their knowledge of mathematical 

connections, and their ability to use mathematics in science and engineering design 

applications, 

• Increase secondary student achievement in math and science, 

• Close the achievement gap of minority secondary students in each school, 

• Improve students’ problem solving, scientific inquiry and engineering design strategies 

(termed STEM process behaviors) and confidence in their STEM abilities, 

• Measure shifts in teacher practice and student conceptual learning in ASU’s introductory 

precalculus, calculus, physics, engineering, and other STEM courses, 

• Improve success rate in ASU introductory precalculus, calculus, physics, and biology 

courses. 

 

Preliminary Results  

 

This section will focus on the preliminary results of the first pilot course offered in the Pathways 

project, Functions and Modeling. The class resources for the first pilot course are available on 

http://cresmet.asu.edu/proj_res/msp/index.html. The emphasis was on the understanding and use 

of concept of mathematical function and covariation. The five functions utilized during the 

course were: linear; quadratic; general polynomial; exponential; and trigonometric.  

 

The concept of function and covariation was quantitatively assessed by the Precalculus Concept 

Assessment (PCA), a validated instrument developed by Carlson
22
. The PCA was administered 

on the first and last nights of class. There was a small but significant gain in achievement in the 

results of the PCA, but the goal was to test the suitability of the instrument for the particular 

population and content of the pilot math course. Both the course content and the items used in 
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the assessment have been modified to adapt them for the next time the course is taught, which is 

during this Spring 2006 term.  For the 4 sites, the average test scores are shown below: 

 

Figure 3. Pretest and Posttest Scores for the PCA for Four School Districts 

Site Pretest average score Posttest average score 
Tolleson 

Mesa 

Tempe 

Chandler 

11.4 

13.9 

14.6 

12.5 

13.2 

16.6 

19.2 

15.4 

Note that the overall pretest average was 12.7 and the overall posttest average was 16.1.  There 

was no significant difference among the mean baseline scores in the 4 classes; however, we note 

that 14 of the teachers who took the pretest did not complete the posttest. The teachers who 

dropped out had a mean score of 8.7 on the pretest, while the teachers who stayed to complete 

the posttest had a mean score of 13.5 on the pretest (p-value < .05). Although the mean post-pre 

difference is highly significantly different from 0 (mean = 2.66, p-value < .01), the difference 

cannot necessarily be ascribed to the courses. Due to the late start in enrolling teachers in the 

project, there was only a limited comparison group available, and they were only given the 

posttest. The average PCA score from our comparison group was 12.7.  The observed difference 

in scores for teachers in the course, therefore, could be due to regression to the mean, or to 

learning the test, or to self-study, or other factors.  

 

Below is a graph of the pre-post scores for the 4 classes.  In the graph, each symbol represents 

the pre (x axis) and post (y axis) score for a teacher.  Note that circle is Tolleson, triangle is 

Mesa, x is Tempe and + is Chandler.   The line drawn on the graph is the y = x line; anyone 

above that line did better on the posttest than on the pretest.  As can be seen from the plot, almost 

every teacher who took both pre- and posttest did at least as well on the posttest as on the pretest.  

 

Figure 4. Graph of Posttest PCA Score vs. Pretest PCA Score 
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In addition to improvement shown in the PCA, qualitative assessment showed that teachers were 

able to recognize different types of rate of change (such as those arising from linear, quadratic, or 

exponential functions) and were regularly able to describe what different types of rates meant in 

terms of a graph, a table of numerical data, or a physical situation. However, they experienced 

difficulty trying to use rate of change information to determine something else, especially 

problems posed in a physical context. Qualitative assessment also found most teachers had 

difficulty describing the meaning of various function parameters, either mathematically, or with 

respect to a problem context. These issues will be addressed by emphasizing contextualization of 

functions and on determining and interpreting parameters in the next Functions and Modeling 

course during Spring term 2006. 

 

An overall summary of general trends of teacher change during the semester are listed below 

with some details following. The trends, and their potential impact on the science and 

engineering design pilot courses, show that:  

 

i) the teachers’ understanding of the function and covariation concept improved which 

will facilitate modeling later in science and engineering design; 

 ii) language and notational barriers between math and science teachers were reduced 

which will help in the team-based projects later in science and engineering design; 

 iii) mathematics teachers became aware of science contexts for using the function and 

covariation concept which will facilitate modeling physical relationships in science and 

their application in engineering design;  

iv) science teachers report that the course has increased their awareness of how prevalent 

mathematics is in their own courses, which will facilitate the use of mathematical models 

in the science and engineering design courses.   

 

Teacher metacognition and awareness of their own practice increased during the pilot course. 

They were asked to reflect on one aspect of their practice and try to improve it by discussing 

what changes they made, and whether those changes had been sustained.  There was a variety of 

responses, mostly positive, which included: providing more closure/summarizing; questioning 

(both methods and types of questions); analyzing student work; brainstorming prior knowledge 

with students; calling on all students; using calculators; and using more positive classroom 

management techniques with more consistent consequences. 

 

Analyses of qualitative data on teachers’ pedagogical content knowledge was focused on 

teachers’ understanding of relevance of various function models to the sciences and of students’ 

misconceptions. After experiencing initial difficulty, teachers felt they developed an eventual 

understanding of function and covariation and function types and relevance of those to science 

content. Teachers' understanding of student thought processes and student misconceptions 

increased during the pilot course. They reported on their experience of interviewing a student 

doing a multiple choice problem of their choice.  Most teachers commented that this was a 

beneficial experience because they: got to know more about what a student thought; gained 

insight into students’ problem solving techniques (or lack thereof); and got a better 

understanding of where their students really stood in terms of mastering some concept.   
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Generally, teachers found difficulty in executing classroom transfer (i.e. adapting Functions pilot 

course content and process to their classrooms) from the weekly Functions pilot course. Many 

felt at a loss when thinking about implementing similar activities. Reasons included; not having 

enough time, not feeling confident enough about material, and believing that the content was 

beyond the abilities or needs of their own students. Most teachers, however, said that they 

planned to take back general ideas from the Functions pilot course into their own classrooms. 

These included questioning techniques, group-work strategies, and small portions of lesson 

activities. This indicates a positive shift in teaching practice. 

 

Although teachers had difficulty in transferring weekly content of the Functions pilot course to 

their own classroom, when enough time was given to do this, as with the final project, teachers 

were generally successful. This was determined by reflections on the project, in which they were 

asked to create a model-eliciting activity in which students had to create a written record of their 

thinking on some concept.  Most teachers commented that the activity was beneficial for a 

variety of reasons.  These included: asking kids to write, which is difficult but necessary; it 

helped to bring closure to a unit; students got to be creative; they learned of their students’ 

misconceptions; and they saw what their students were thinking.   

 

The impact of the professional learning communities was quite positive. The most common 

response to the question, “What have you liked most about the course?” was the opportunity to 

work with other math teachers and other science teachers.  They commented extensively on the 

positive interactions they had with each other and how they learned from each other.   

 

Overall, the initial preliminary results presented and discussed demonstrate that the first three 

program objectives listed earlier, which relate to teacher practice, reflection, and understanding 

have been moderately well satisfied. The course will be modified to enhance these gains when 

taught to future cohorts of teachers. Thus, the first pilot course on the concept of function and 

covariation and associated processes has laid a foundation for the horizontal application of the 

concept across the next three pilot courses in the sciences and engineering design. 

 

Conclusions 

 

This paper has described for the Pathways project the need, approach, theory, objectives, 

implementation, as well as the preliminary results of the first pilot course, Functions and 

Modeling. The potential impact on the science and engineering designs course was discussed. 

Generally, students and faculty, in both high school and college, assume there are implicit, 

useful, and well-understood linkages between math, science and engineering. However, 

preliminary results demonstrate that, between disciplines, there are gaps in knowledge, issues in 

terminology, and differences in ways of thinking about function and covariation and its 

application. The opportunity for university, community college, and grade 9-12 teachers to cross 

disciplinary boundaries with dialogue, content creation, and teaching activities is deepening each 

individual's understanding of function and covariation, and also content and STEM process 

behaviors across math, science, and engineering. The ultimate benefactors of the impact of the 

Pathways project are the grade 9-12 and university students who will experience contextualized 

content, the enhanced pedagogy, and the richer connections between disciplines. 
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