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ABSTRACT

Tom Hsu, founder of CPO (formerly known as the Cambridge Physics Outlet) and his colleagues have developed textbooks and lab manuals for courses in physical science, early high school physics, and late high school physics. This review summarizes the similarities and distinguishing features among the three curricula: Foundations of Physical Science, Physics A First Course, and Foundations of Physics. Each program offers not only a textbook, lab manual, and teacher resources, but also the distinctive plywood CPO lab equipment with which to conduct the labs. Though claiming to be inquiry-centered, the programs are found instead to be lab-based, as the lab manuals and equipment do not offer sufficient scope for the level of student initiative implied by inquiry. The Foundations of Physics text falls short in its ability to communicate difficult concepts clearly; Physics A First Course fails more narrowly to communicate clearly about vectors. Though Foundations of Physical Science has simplifications that will have to be later un-learned, it is found to provide the most coherent basis for an effective lab-centered course. 

INTRODUCTION

Every spring, physics teachers take stock of the curricular materials they have been using and consider whether better textbooks, equipment, and lab manuals are “out there.” This review summarizes my findings after examining the offerings from CPO, formerly known as the Cambridge Physics Outlet. While best known for their plywood physics equipment, recently they have developed textbooks and lab manuals as part of cohesive curricular programs. I evaluated these materials while teaching physics, primarily to 9th graders, at a private selective day school in Buffalo, NY. We have been using Paul Hewitt’s text Conceptual Physics (1997) with all levels of freshmen for at least eight years.

THE PROGRAMS AND THEIR SHARED FEATURES

CPO offers three different physics program levels for high school. The three programs share names with their associated textbooks: Foundations of Physical Science (2nd edition, 2005a, abbreviated FOPS), Physics: A First Course (1st edition, 2008a, abbreviated PAFC), and Foundations of Physics (1st edition, 2004a, abbreviated FOP). All three programs have four components: student textbooks, student lab manuals, equipment kits, and a teacher’s guide and toolkit.

The textbooks are all authored by CPO founder Thomas C. Hsu. Each contains eight or nine units (detailed in Table 1), which are typically divided into three chapters. Most chapters contain three sections. Uniquely, every individual page in each section is self-contained; text never carries from one page to the next. The textbooks also share a distinctive landscape format that leaves room for a column of figures and graphs on the right and a column of paragraph title phrases on the left of the central text. By breaking the text into manageable chunks, providing space for related visuals, and cuing students with paragraph topic phrases, Hsu provides helpful reading aids. Unfortunately, some pages are “topped off” with distracting or confusing filler, such as the discussion of “g forces” on page 98 of FOP, but, in general, the format works well. While his writing does not match the folksy readability of Conceptual Physics (Hewitt, 1997), Hsu’s language is generally clear.

The equipment kits also share similar features. Each kit allows one lab group to do all of the investigations in the associated Investigations manual (see Table 2 for prices). The equipment is “beautifully crafted” (Hubisz, 2008), particularly the tracks and support pieces made from heavy-duty birch plywood. They have the visual and tactile appeal of toys (Waugh, 1995) while being designed to support a scientific approach to data collection. For example, the Energy Car track has pre-marked locations every 5 cm, allowing for repeatable measurements from one trial to another. It also simplifies the process of collecting data at regularly spaced intervals, such as in an investigation of the speed of an object rolling down a ramp. 

The teacher’s guides for the three programs (Hsu, 2005b; Hsu, 2008c; and Hsu 2009) share a similar design. Rather than expanding on the text as most teachers’ manuals do (for instance, Hewitt, 2009), these guides provide step-by-step guidance for each page of the lab manual: an overview, a sample teacher-student dialog, an image of the Investigations page, and examples, data, and answers. The dialogs, in particular, are designed for teachers “new to the subject area, as they identify possible student misconceptions and highlight important learning content (Hsu, 2009, p. viii).” The teacher’s guides also include lists of consumable materials for investigations and answers for the end-of-chapter questions in the textbooks; student textbooks do not have any of these answers.

Finally, the programs share a broadly similar price structure (see Table 2 for details): roughly $70 for the textbook, $20 for the lab manual, $90 per student for the bundled package, and $2000 for a complete equipment kit. Notice that the bundles serve different numbers of students. Lab equipment is also available à la carte. The cost of outfitting a classroom with the full program varies widely. For instance, a single Foundations of Physics class of 24 students working in groups of 4 would cost about $12,500 to outfit (one program bundle plus five additional equipment kits), or $520 per student. Five sections of 24 FOP students (120 students) taking the same course at different times of day would cost about $13,000 (five program bundles plus one additional equipment kit), or only $108 per student.

DIFFERENCES AMONG THE PROGRAMS

Though the programs share many features, there are also some key distinctions. Many of the programs’ differences spring from their intended audience. As stated on the CPO website (www.CPO.com, under FAQ’s), FOPS and PAFC are intended for 8th to 10th graders, while FOP is intended for 10th to 12th graders. In addition, as their names suggest, FOPS is designed for a physical science course combining elements of both physics and chemistry, while PAFC and FOP are both geared for physics courses. 

While all 3 textbooks cover many of the same topics (see Table 1), the details of what is covered differ to fit the intended audience. For instance, FOPS does not address circular motion; PAFC gives a primarily conceptual presentation of circular motion; and FOP gives a full mathematical presentation of centripetal force and acceleration. Similarly, FOPS does not address projectile motion, while PAFC addresses objects dropped from rest or launched horizontally or vertically and FOP adds diagonal launches. Another broad difference is that, unlike the other two, PAFC employs a modified version of the “New Mechanics” order (Laws, 1997) that alternates between motion and force topics and presenting both in one dimension first before spiraling back for a two-dimensional analysis. As noted above, the physical science course (FOPS) also contains significantly more chemistry than the other two, though all three curricula present information about atoms, atomic structure, and chemical bonds and reactions. 

The style and approach of each textbook matches the intended audience well. FOPS presents a basic, mostly non-mathematical theory for phenomena and then focuses on one or two particularly interesting applications. PAFC presents more detailed theory for phenomena than FOPS and often includes equations to express the relationships among variables. Finally, FOP tends to present concepts and theories using dense, moderately technical prose accompanied by equations. The textbooks’ respective treatments of electromagnetism illustrate these differences. In FOPS, the section on electromagnets (FOPS, pp. 164-167) is heavily weighted towards simply building an electromagnet. In PAFC, by contrast, Hsu delves into detail about the magnetic field created by a current-carrying wire (PAFC, pp. 380-383), while FOP also includes equations for the strength of the magnetic field created by a wire and the right hand rule for the force on a charge moving in a magnetic field (FOP, pp. 456-461).

Finally, as befitting their different audiences, each program employs a different level of math (summarized in Table 3). FOPS is predominantly conceptual in its approach. PAFC presents far more mathematical relationship than FOPS, but limits itself to algebra and only deals with two-dimensional vectors graphically. FOP freely employs both trigonometry and algebra throughout; some concepts are even presented chiefly via mathematical equations.

In consequence of these differences, the programs naturally vary in their suitability for Regents physics. The mathematical level of FOPS is consistently inadequate for Regents, with its limited use of algebraic formulas and absence of vectors. PAFC requires minor supplementation to cover the full range of Regents physics, but is broadly compatible. FOP is very well suited to Regents physics in its mathematical level, sophistication, and rigor. The CPO website (www.CPO.com) provides a table with correlations among the textbook, lab manual, and New York state standards for the FOPS and FOP programs, providing a preview of the ways in which the programs could be used to meet Regents requirements. These correlations were not available for PAFC as of June 2010.

PROGRAM EVALUATIONS
Since each of the programs, while broadly similar in form, is tailored to its particular audience, the obvious question is to what degree Hsu hits his targets. The answers are similar for the three lab programs, but quite different for the three textbooks.

The lab components of each course share so many features that the strengths and weaknesses of the equipment, lab manuals, and teachers’ guides may be considered together. Overall, the lab programs strongly support carefully scripted lab experiences that yield highly repeatable data.

Consider the equipment. Though robust in quality and with a beautiful and even playful aesthetic, much of the equipment is designed for a fairly narrow range of uses. For instance, the roller coaster track allows students to roll a ball down an undulating track to investigate the changes between kinetic and potential energy. The CPO photogates can be placed all along the track to collect speed data at many locations, but because the track works with a solid ball as opposed to a wheeled cart, rotational kinetic energy is significant. Student calculations of conservation of energy will find that the faster the ball is rolling, the more energy it is “missing”. The track is designed so that the ball “hugs” it along its entire length, but only if the track is connected to the stand at one particular height. Precisely because the equipment is designed to work in one specific way so reliably, its usefulness is limited.

Another drawback of the equipment is that only photogates are provided for precise measurements of motion over time; no motion sensors are supplied. On the one hand, photogates are among the most straightforward of all “black-box” devices; each program has an early investigation deliberately designed to demystify their function. In addition, photogates measure with a high degree of precision and repeatability. On the other hand, without motion sensors students cannot create real-time graphs for position, velocity and acceleration simultaneously and watch them change while an object is still in motion. This real-time data observation has been shown to have concrete benefits for student learning (Brasell 1987, Sokoloff et al., 2007). 

Consider next the written components of the lab program. The Investigations manuals are well-correlated to the topics in the text, providing ample opportunity to incorporate lab activities. In addition, the teacher’s guides focus almost exclusively on fleshing out the labs, providing the keystone for Hsu’s claim that the programs are inquiry-based (e.g. Hsu, 2004a, p. i). However, the lab manual investigations are as carefully scripted as the teacher’s guide dialogs and contain little in the way of student-directed inquiry. The equipment limits many possibilities in experimental design. As a result, the programs are better described as lab-based, rather than inquiry-centered. The lab experiences provided may be meaningful, but they contain almost opportunities for student initiative and experimental design.

Unlike the lab programs, the textbooks differ significantly in how well they hit their target audiences. In his most advanced program, FOP, Hsu struggles to maintain clarity as he develops more difficult concepts (also noted by Hubisz, n.d.). In particular, Hsu does not make good use of the accumulated wealth of knowledge about students’ conceptual difficulties (Arons, 1990; McDermott & Redish, 1999). For instance, in the discussion of mass, weight, and gravity (p. 98) Hsu states that “An object is weightless when it feels no net force from gravity… A… way to become weightless is to be in free fall.” The glossary (p. 656) defines free fall as movement that is due only to the force of gravity. It is not clear how to reconcile feeling no net force from gravity (being weightless) with moving only due to the force of gravity (being in free fall; cf. Arons, 1990, p. 72). The difficulties continue in the description of force and inertia: “An object with a lot of inertia takes a lot of force to start or stop; an object with a small amount of inertia requires a small amount of force to start or stop (p. 79).” Since he omits any reference to net force, Hsu’s language here could lead students to think that inertia is a threshold to be overcome, a well-documented misconception (Halloun & Hestenes, 1985, p. 1057; Hestenes et al, 1992, p. 144). I had trouble with Hsu’s inattention to content subtleties and student learning difficulties in other areas as well, including the wave phenomena of reflection and refraction (p. 270-271), potential energy (pp. 189-191), and voltage (p. 383, example on p. 400). Given the vast amount of research available in the field of physics education, this is a major failing.

In his 8th to 10th grade physics program, PAFC, Hsu has fewer issues of this sort than in FOP. For instance, he avoids the threshold-implying language when introducing inertia (p. 29): “To understand inertia, imagine trying to move a bowling ball and a golf ball. Of course, the bowling ball needs more force to get it moving at the same speed as the golf ball (assuming the forces act for the same length of time).” However, PAFC does suffer, as Feierman (2009) has noted, from issues in some of its figures. Typical of these problems are the confusing arrows in the acceleration diagram (Sidebar, p. 33 – before vectors have been introduced) and the varying horizontal velocity components for the projectile in Figure 6.5 (p. 137). These point to the more significant and persistent issue: clarity about vectors and vector quantities.

Perhaps in an effort to ease students in gradually, Hsu postpones discussing the vector nature of force, velocity, and acceleration until the fifth chapter, long after he has introduced these concepts and Newton’s laws. As a result, the treatment of these vector quantities is consistently vague and confusing, a common flaw of many introductory textbooks (Swartz 1999, pp. 298-299). There is no clear exposition of the idea that positive and negative connote direction, but Hsu still uses signs in this way in both the text and in equations. In prose, acceleration is discussed as follows (p. 34): “If an object speeds up, it has a positive acceleration. If it slows down, it has a negative acceleration (Hsu’s emphasis).” In an equation, the negative sign in Hooke’s Law, also a directional indicator, is also left unexplained (p. 118). The difficult aspect of Newton’s first law (p. 29), that objects in motion experiencing a net force of zero will continue to move at the same velocity, remains obscured because Hsu hasn’t made the idea of net force clear enough yet; equilibrium is not introduced until p. 114 and is not clearly connected back to the first law once introduced. Overall, while PAFC is less consistently flawed than FOP, its lack of clarity about vectors is likely to render much of its presentation of motion and forces mysterious to the uninitiated 9th grader.

Because FOPS, the 8th to 10th grade physical science program, is more basic in its conceptual approach than PAFC or FOP, it often avoids the pitfalls that Hsu falls into with the other two texts. For instance, it is consistent in stating that acceleration is a change in speed, whether an increase or a decrease (p. 33-36). Acceleration is, of course, actually the change in velocity, not speed; these sorts of errors in FOPS are often a result of internal consistency. Since FOPS doesn’t address two-dimensional motion, all examples of acceleration are changes in speed only, not direction. In this and other cases, however (such as potential energy being equated with gravitational potential energy, p. 88) students may have to un-learn something later. Sometimes the simplifications veer into confusion. For example, Hsu stumbles over the introduction of electric power in the context of electric bills: “Electric bills… don’t charge by the volt, the amp, or the ohm… electrical appliances in your home usually include another unit – the watt. Electric companies charge for the energy you use, which depends on how many watts each appliance consumes... (p. 137)” Since watts are a rate, no appliance “consumes” watts; regardless, a novice student is likely to have the strong, though mistaken, impression that the electric company does bill for watts after all.

The simpler conceptual approach of FOPS is paired with an emphasis on practical applications. This leads to some particularly good concrete examples such as photocopying (p. 124). While it glosses over many details, it describes the essence of the process with an emphasis on the electrical concepts of static attraction and repulsion just presented in the text. 

In a similar vein, FOPS has the highest level of integration between the text and lab manual. The beginning of each chapter lays out the investigations associated with that chapter; the first investigation is meant to be done prior to lecture on a topic. In this way students see the phenomenon in question before formally studying it (cf. the principle of concept first, name after: Arons, 1990, p. 31). In addition, chapters one and two address process science skills such as designing an experiment and using accurate and repeatable techniques. Furthermore, some concepts (such as kinematics in chapter 2) are presented by developing a model from data similar to that gathered in an investigation. Both implicitly and explicitly, the text consistently draws connections to the investigations. As a result, FOPS is easier to envision as actually functioning in the lab-centric mode to which Hsu aspires (FOPS, p. i).

CONCLUSIONS

The three physics programs presented by CPO provide a range of possible levels of math and content, tightly integrated with detailed lab investigations and pre-packaged lab equipment. For all three programs, the cost of the package with lab equipment is much lower for a school ordering a large number of texts than for one ordering only a single set. Each program, however, merits an individual summary.

Foundations of Physics is meant for an older high school audience or advanced 9th graders and is easily adapted to Regents requirements. However, the FOP text provides problematic presentations of many key concepts. The tightly integrated lab program and scripts provided by the teacher’s guide would make the Foundations of Physics program worth considering for a novice physics teacher except for the text’s persistent difficulties providing clear presentations of concepts.

The explanations in Physics A First Course are sufficiently rigorous and mathematical to support a physics-first program and could, with modest supplements, be adequate for a Regents course. However, the lack of clarity about the vector nature of forces, velocity, and acceleration is problematic. The tightly prescribed lab program allows for a lab-based, but not inquiry-based, course.

Due to the emphasis on practical applications and science skills, Foundations of Physical Science may be aptly characterized as a lab-centered physical science curriculum. Its mathematical depth and rigor are poorly suited to Regents physics, but it has a lot of potential as a physical science or non-Regents physics course. Though not a perfect text, its flaws are less endemic and easier to counteract than the other two. Of the three, FOPS seems to come closest to hitting the mark of its intended audience.

TABLE 1. Textbook Content Comparison

	
	Foundations of Physical Science (FOPS)
	Physics A First Course (PAFC)
	Foundations of Physics (FOP)**

	Unit 1
	Forces & Motion (3*)
	Forces & Motion (3)
	Measurement & Motion (3)

	Unit 2
	Work & Energy (2)
	Energy & Systems (3)
	Motion & Force in 1D (2)

	Unit 3
	Electricity & Magnetism (5)
	Matter & Energy (3)
	Motion & Force in 2D & 3D (3)

	Unit 4
	Sound & Waves (3)
	Energy & Change (3)
	Energy & Momentum (3)

	Unit 5
	Light & Optics (2)
	Electricity (3)
	Waves & Sound (3)

	Unit 6
	Properties of Matter (3)
	Electricity & Magnetism (3)
	Light & Optics (3)

	Unit 7
	Changes in Matter (4)
	Vibrations, Waves & Sound (3)
	Electricity & Magnetism (6)

	Unit 8
	Water & Solutions (3)
	Light & Optics (3)
	Matter & Energy (3)

	Unit 9
	Heating & Cooling (3)
	-
	The Atom (3 + 1***)

	* Numbers in parentheses indicate number of chapters in each unit

** The book begins with an additional introductory chapter on the nature and utility of physics

*** The book ends with an extra chapter entitled “The Edge of What We Know,” covering cosmic origins, general relativity, and the Standard Model.


TABLE 2. Program Pricing as of May 28, 2010

	
	FOPS
	PAFC
	FOP

	A la Carte Pricing:
	
	
	

	Student Textbook
	$74
	$70
	$68

	Investigations Lab Manual
	$18
	$18
	$19

	Equipment Kit (covers all Investigations in lab manual)
	$2175
	$1940
	$2062

	Teacher’s kit and guide
	$398
	$398
	$398

	Bundle Pricing:
	
	
	

	Entire Package (# of texts and Investigations in parentheses)
	$2944 (32)
	$2640 (30)
	$2175 (25)

	Per Student Price of Package (excluding additional equipment kit costs)
	$92
	$88
	$87


TABLE 3. Math Level of Each Program

	
	Foundations of Physical Science (FOPS)
	Physics A First Course (PAFC)
	Foundations of Physics (FOP)

	Algebra usage
	limited
	frequent
	extensive

	Trigonometry usage
	none
	none
	yes - vector components and resultants

	Vectors – 1D
	hand-waving*
	graphical & algebraic
	graphical & algebraic

	Vectors – 2D
	none
	graphical only
	graphical & trigonometric

	Vectors – 3D
	none
	no
	limited to right-hand rule for magnetic forces

	* - Hsu’s discussion of the vector nature of forces in FOPS is along the following lines: “To figure out the net force, we usually have to make some forces positive and some negative so they can cancel out (FOPS, p. 51).”
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