
 1

Formative Assessment Materials for Large-Enrollment Physics Lecture Classes  
 
David E. Meltzer 
Department of Physics 
University of Washington 
www.physicseducation.net 
 
 

Synopsis: Real-time In-class Formative Assessment 
How can an instructor assess students’ thinking during class and modify in-class 

learning activities accordingly? Finding ways to address this question is the objective of 
our project. Our goal is to develop and test materials that provide a basis for in-class 
instructional activities, and which also assist the instructor in monitoring student thinking 
on a moment-to-moment basis. 

 
 Overview 

The materials we have developed consist of carefully sequenced sets of multiple-
choice items that emphasize qualitative, conceptual questions. (See Fig. 1 for a sample.) 
They are designed to maximize student-instructor interaction and allow rapid assessment 
of student learning in a large-class environment. This assessment then aids instructors in 
structuring and guiding their presentations and class activities 

The design of the materials is based on the assumption that the solution of even very 
simple physics problems invariably hinges on a lengthy chain of concepts and reasoning. 
Our question sequences guide the student to lay bare these chains of reasoning, and to 
construct in-depth understanding of physical concepts by step-by-step engagement with 
conceptual sticking points. Carefully linked sequences of activities first lead the student 
to confront the conceptual difficulties, and then to resolve them. This strategy is based on 
one developed at the University of Washington over the past 30 years (1-4). Complex 
physical problems are broken down into conceptual elements, allowing students to 
grapple with each one in turn and then return to synthesize a unifying perspective (5). 

Over several years the materials have undergone a continuous (and unending) process 
of testing and revision in actual classroom situations. Constant in-class use reveals 
ambiguous and confusing wording which is then rapidly corrected in new versions of the 
materials. Analysis of assessment data provides additional guidance for revision. 

 

Motivation 
 Research in physics education suggests that instructional methods that incorporate 

in-class problem-solving activities with rapid feedback can yield improved learning 
gains, in comparison to traditional lecture methods (5, 6). A key to the success of these 
methods is that instructional activities should elicit and address common conceptual 
difficulties, difficulties that are often uncovered or probed through in-depth research on 
student understanding (1-4). When students grapple with conceptual issues by thinking 
about and solving qualitative problems—problems in which straightforward algebraic 
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procedures may be insufficient (or inefficient) solution methods—learning and retention 
has often been observed to improve. Instructional methods that engage students in 
problem-solving activities are sometimes called “active-learning” methods. A particular 
genre of active-learning methods used in physics has often been referred to by the term 
“interactive engagement” (6). 

 

 

 Interactive Engagement 
Traditionally, instructors (and textbooks) have tended to focus on presenting clearly, 

precisely, and in painstaking detail the concepts and techniques they wish their students 
to learn. The emphasis is on the thoroughness and clarity of the presentation (4). 
However, in recent decades, research into student learning of physics and other technical 
subjects has demonstrated that for each new concept or technique to be learned, there will 
often be a number of conceptual “sticking points” for the student (4, 7). Moreover, there 
has been increasing recognition of the important role of students’ prior (i.e., pre-
instruction) knowledge in generating these sticking points and in providing a basis for 
their eventual resolution (1-4, 8). In addition, more attention has been paid both to the 
ways in which students’ ideas are linked and organized, and to the nature of students’ 
approaches to applying their knowledge and to solving problems (5). These realizations 
have led to a revised view of the instructor’s role.  

In this revised view, the central function of the instructor is to direct the focus of class 
activities and discussion toward the key sticking points in the students’ thought process, 
and toward specific weaknesses in the organization of students’ knowledge. One has to 
illuminate in a stark and glaring light, so to speak, the phases in the student’s thought 
process where a key concept or link may be lacking, so that in the student’s own mind the 
gap to be filled is clearly sensed, and the eventual synthesis of the concept or link 
becomes dramatically apparent. 

Since ideally one must determine where a student stands conceptually—in the process 
of understanding a particular idea—in order to guide them to the next phase, some form 
of back-and-forth interchange with them is essential, even in very large classes. The main 
focus of instruction is first, to identify the ways in which students are putting the idea 
together in their own minds, so as to pinpoint any errors or gaps that may exist; second, 
to identify elements of students’ thinking that can potentially form useful and productive 
components of an improved understanding; third, to allow the students to grapple with a 
question, example, or problem that requires them to fill out and perfect their 
understanding. This could be a problem on which they may all work for several minutes, 
or instead something as simple as the question: “What is the next step here?” The 
essential point is to ensure their active mental participation as thoroughly as is feasible. 

The crux of the instructional problem is that students’ minds are not blank slates, and 
they do not absorb concepts simply by being told (or shown) that they are true. They 
must be guided continually to challenge their present state of understanding, and to 
resolve conceptual confusion through a process of active engagement (1). This may occur 
either by predicting and then personally investigating the outcome of real physical 
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processes in the instructional laboratory, or by a step-by-step confrontation with 
conceptual sticking points in the context of a theoretical example (3). Promoting student 
interaction through the use of cooperative groups can aid this process by having students 
challenge each others’ understanding, and by encouraging them to help each other deepen 
their comprehension of the subject matter. As any teacher knows, articulating one’s 
thoughts helps improve one’s own learning. 

These considerations regarding student learning have led to the development and 
implementation of a variety of instructional methods which, in the context of physics 
instruction, have often come to be called by the general term “interactive engagement” 
(6). It is particularly challenging to specify what is meant by this term, in part because it 
generally refers not simply to specific behaviors by the instructors and the students, but 
also to specific aspects of the content of the instructional materials and activities. These 
aspects of content refer to features that are explicitly based on consideration of students’ 
pre-instruction knowledge and of their typical learning behaviors. Research has suggested 
that instruction which incorporates certain useful behaviors without also utilizing 
appropriate content may fall far short of the outcomes that result from an appropriate 
combination of these two key elements (9-11).  

In view of these considerations, I will outline some of the prominent features of 
interactive-engagement instruction in physics. (NB: Only selected, representative 
references to the literature are given.) Interactive-engagement instruction generally refers 
to: 

[1] instruction that is informed and guided by knowledge of students’ pre-instruction 
knowledge state (1-4, 12, 13), as well as of their learning trajectory (14, 15). This 
refers to both their pre-existing ideas and to their learning tendencies. These 
tendencies constitute the ways in which students typically attempt to apply their 
pre-existing understanding and reasoning processes to issues that emerge during 
the course of instruction. These include in particular: 

a. specific student learning difficulties related to particular physics concepts 
(1-4, 6, 8, 12, 16); 

b. specific student ideas and knowledge elements that are productive and 
useful in helping them grapple with new physics concepts (17); 

c. students’ beliefs about what they need to do in order to learn (18); 

d. students’ actual behaviors in the context of the learning process (19). 

[2] instruction that guides students to elicit and address specific difficulties typically 
encountered when studying new concepts, whether by relatively direct methods 
(in which students are guided to “confront” these difficulties [1-4]) or less direct 
methods (in which students are guided to “refine” their ideas to “reconcile” them 
to physics concepts [17]). Other terms that have been applied to this process 
include “bridging” (20) (i.e., between more familiar and less familiar concepts) 
and “weaving” (21) (i.e., of loosely connected initial ideas into more complete 
understanding). 

[3] instruction that emphasizes having students “figure things out for themselves” 
(13) to the extent that is practical and appropriate. This implies that students are 
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guided to reason out concepts and key ideas through a questioning and discussion 
process (“guided inquiry”), in contrast to receiving these ideas fully and clearly 
developed in advance of their problem-solving activity (1-4, 13, 22). In the initial 
stages, instructors tend to ask students many questions rather than provide either 
direct answers or detailed formulations of generalized principles. Carefully 
structured question sequences are often used in this process (3). (Detailed 
formulations of general principles may however be appropriate at a later stage of 
the process.) 

[4] instruction that emphasizes having students engage in a wide variety of problem-
solving activities during class time, in contrast to spending most of the time 
listening to an instructor speak (6, 8). 

[5] instruction that leads students to express their reasoning explicitly both in verbal 
form by interacting with instructors and other students, and in written form 
through explanations written as part of responses to quiz, homework, and exam 
problems (1-4, 13, 22, 23). This helps students more clearly expose—and 
therefore modify—their own thought processes.  

[6] instruction that incorporates students working together in small groups in which 
they are led both to express their own thinking, and to comment on and critique 
each others’ thinking regarding problems and questions posed for their 
consideration (3, 4, 16, 24). 

[7] instruction that ensures that students receive rapid feedback in the course of their 
problem-solving activity (5, 6) (rapid in the sense of a minute-to-minute time 
scale). This includes feedback from instructors through frequent questions and 
answers, and feedback from fellow students through small-group interaction. 

[8] instruction that emphasizes qualitative reasoning and conceptual thinking (1-4, 5, 
13, 22-24). Non-quantitative means of problem solving are used to strengthen 
students’ understanding of fundamental ideas, and to avoid having students focus 
on mastery of mathematical algorithms as a substitute for that understanding. 

[9] instruction that seeks to deepen conceptual understanding by posing problems and 
eliciting solutions in a wide variety of contexts and representations, incorporating 
diagrammatic, graphical, pictorial, verbal, and other means of representing ideas 
and resolving questions (2, 4, 5, 16, 22-29).  

 

Note that this list emphasizes the content of instructional materials and activities 
(particularly in items #1, 2, 8, and 9) as much as it does the specific instructional 
behaviors. It has become clear that in order to fulfill the objectives of this form of 
instruction, substantial prior investigation of students’ thinking and learning behaviors is 
required. This type of research lays the basis for, in particular, the first two items in the 
process outlined above. Instruction that is based on physics education research of this 
type is often called “research-based” instruction. Instruction that, by contrast, employs 
some of the same learning behaviors but in which the content does not focus on areas 
identified with specific learning difficulties is not, apparently, as successful. 
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Several investigations have addressed the issue of ostensibly “interactive,” yet not-
very-effective learning environments within the context of physics education. In a study 
by Redish, Saul and Steinberg (9), even lectures “with much student interaction and 
discussion” had little impact on student learning. Hake discusses and analyzes courses 
supposedly based on interactive engagement that produced subpar learning results (6). In 
her Ph.D. research, Pam Kraus (10) looked at this issue more systematically. After a 
lengthy investigation, she arrived at the following conclusion: 

In many of our efforts to improve student understanding of important 
concepts, we have been able to create an environment in which students are 
mentally engaged during the lecture. While we have found this to be a necessary 
condition for an instructional intervention to be successful, it has not proved 
sufficient. Of equal importance is the nature of the specific questions and 
situations that students are asked to think about and discuss. [Ref. 10, p. 286] 

Kraus specifies the key criteria she found effective in improving instruction: eliciting 
students’ preconceptions with carefully designed questions, guiding them to confront 
these ideas through appropriate discussion and debate involving all the students, and 
leading students to resolve their difficulties with well-chosen alternative models.  

In a careful study reported by Cummings et al. (11), “studio” instruction which 
involved students working together in small groups using computers was compared with 
research-based instruction in a similar environment. They found that although the studio-
physics classrooms appeared to be interactive and students seemed to be engaged in their 
own learning, learning outcomes were the same as with traditional instruction. By 
contrast, introduction of research-based techniques and activities generated significant 
gains in conceptual understanding, although the studio-classroom environment was 
otherwise the same as before. 

 

Interactive Engagement in the context of large classes 

A number of workers in recent years have explicitly addressed the challenge of 
the large-class learning environment in the context of physics. Van Heuvelen (27, 30), 
developed free-response worksheets for use by students during class meetings in the 
lecture hall. Eric Mazur (31, 32) has achieved great success in popularizing “Peer 
Instruction,” the method he developed for suspending a lecture at regular intervals with 
challenging conceptual questions posed to the whole class. Students discuss the questions 
with each other and offer responses using a classroom communication system. Sokoloff 
and Thornton (33) have adapted microcomputer-based laboratory materials for use in 
large lecture classes, in the form of “Interactive Lecture Demonstrations.” Novak and 
collaborators (34) have developed “Just-In Time Teaching,” which makes use of pre-
class web-based computer warm-up exercises, and in-class group work by students using 
whiteboards. To some extent these incorporate similar methods used and promoted by 
Hake (13, 16), and also by Hestenes and his collaborators (28). The Physics Education 
Group at the University of Washington has experimented with modifications of their 
“Tutorials in Introductory Physics” (35), adapted for use in large lecture classes (10). 
Other implementations of active learning in large physics classes using classroom 
communication systems have been described by group at University of Massachusetts, 
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Amherst (36), Poulis et al. (37), Shapiro (38), Burnstein and Lederman (39), Lenaerts et 
al. (40), and Reay et al. (41), as well as others. The “Scale-Up” project at North Carolina 
State University (42) also makes use of technology-based systems with similar goals in 
mind. 

 

Current Project:  Formative assessment materials for fully interactive 
lectures 

The specific methods we employ and the materials we have developed are, in 
effect, a variant of Peer Instruction as developed by Mazur. The basic strategy is to 
drastically increase the quantity and quality of interaction that occurs in class between 
the instructor and the students, and among the students themselves. To this end, the 
instructor poses many questions. All of the students must decide on an answer to the 
question, discuss their ideas with each other, and provide their responses to the instructor 
using a classroom communication system. The instructor makes immediate use of these 
responses by tailoring the succeeding questions and discussion to most effectively match 
the students’ pace of understanding.  

 In an office or small-group environment, the instructor is relatively easily able to get 
an ongoing sense of where the students are, “conceptually,” and how well they are 
following the ideas that are being presented. By getting continual feedback from them, 
the instructor is able to tailor his or her presentation to the students’ actual pace of 
understanding. The methods we use allow one, to a large extent, to transform the 
environment of the lecture hall into that of a small seminar room in which all the students 
are actively engaged in the discussion. 

Our methods begin with a de-emphasis of lecturing. Instead, students are asked to 
respond to questions targeted at known learning difficulties. We use a classroom 
communication system to obtain instantaneous feedback from the entire class, and we 
incorporate group work using both multiple-choice and free-response items. We refer to 
this method as the “fully interactive lecture” and have described it in detail elsewhere 
(43). 

We ask questions during class and solicit student responses using printed flashcards 
(containing letters A, B, C, D, E, and F) or with an electronic “clicker” system. The 
questions stress qualitative concepts involving comparison of magnitudes (e.g., “Which is 
larger: A, B, or C?”), directions (“Which way will it move?”) and trends (“Will it 
decrease, remain the same, or increase?”). These kinds of questions are hard to answer 
by plugging numbers into an equation.  

We give the students some time to consider their response, 15 seconds to several 
minutes depending on the difficulty. Then we ask them to signal their response by 
holding up one of the cards, everybody at once. Immediately, we can tell whether most of 
the students have the answer we were seeking – or if, instead, there is a “split vote,” half 
with one answer, half with another. If there is a split vote, we ask them to talk to each 
other. Eventually, if necessary, we will step in to – we hope – alleviate the confusion. If 
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they haven’t already figured things out by themselves, they will now at least be in an 
excellent position to make sense out of any argument we offer to them.  

The time allotted per question varies, leading to a rhythm similar to that of one-
on-one tutoring. The questions emphasize qualitative reasoning, to reduce “equation-
matching” behavior and to promote deeper thinking. Questions in a sequence proceed 
from relatively simple to more challenging. They are closely linked to each other to 
explore just one or two concepts from a multitude of perspectives, using a variety of 
representations such as diagrams, graphs, pictures, words, and equations. We maintain a 
small conceptual “step size” between questions for high-precision feedback on student 
understanding; this allows more precise fine tuning of the class discussion. In line with 
this objective, we employ a large proportion of “easy” questions, that is, questions to 
which more than 80% of students respond correctly.  

We find that easy questions build confidence, encourage student participation, and 
are important signals to the instructor of students’ current knowledge baseline. Often 
enough, questions thought by the instructor to be simple turn out not to be, requiring 
some backtracking. Because of that inherent degree of unpredictability, some proportion 
of the questions asked will turn out to be quite easy for the students. If the discussion 
bogs down due to confusion, it can be jump-started with easier questions. The goal is to 
maintain a continuous and productive discussion with and among the students. 

Many question variants are possible. Almost any physics problem may be turned 
into an appropriate conceptual question. By using the basic question paradigms “increase, 
decrease, remain the same,” “greater than, less than, equal to,” and “left, right, up, down, 
in, out,” along with obvious variations, it is possible to rapidly create many questions that 
probe students’ qualitative thinking about a system. By introducing minor alterations in a 
physical system (adding a force, increasing a resistance, etc.), students can be guided to 
apply their conceptual understanding in a variety of contexts. In this way, the instructor is 
able to provide a vivid model of the flexible and adaptive mental approach needed for 
active learning. 

The development and validation of the question sequences is the central task of 
this project. Many question sequences are needed to cover the full range of topics in the 
physics course curriculum. (Other materials needed for interactive lecture instruction 
include free-response worksheets and text reference materials, but these are under 
development as part of separate projects.) 

 

Results of Assessment 
In earlier projects related to this one, we have carried out extensive assessment of 

student learning. We found that learning gains on qualitative problems were well above 
national norms for students in traditional courses, at the same time that performance on 
quantitative problems was comparable to (or slightly better than) that of students in 
traditional courses (43). These findings are typical of other research-based instructional 
methods (4, 8). 
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Validation check and collection of baseline data 
Up until recently, the process of drafting our assessment items has been based on 

extensive instructional experience, knowledge of the results of physics education research 
(44), and experience in the use of previous, related assessment items. As part of the 
present project, we have begun to include a more systematic validation process to help 
confirm that the items both test the knowledge they are intended to test, and catalyze 
students’ reasoning process in the manner intended. This validation process employs 
patient and time-consuming “think-aloud” interviews with individual students, recorded 
digitally or on audiotape. 

 In this type of process, students are asked to work through the sequence of questions, 
explaining their reasoning as they go, while the interviewer examines the details of the 
student’s thinking with gently probing questions. This process can be very effective in (a) 
uncovering confusing or ambiguous language and word usage; (b) confirming that the 
students interpret the meaning of the question in the manner intended; and (c) 
determining whether the students make any tacit assumptions intended by the question 
(e.g., no external electric field), and do not impose any unintended assumptions (e.g., a 
need to consider very weak forces). The outcome of this process is to substantially 
strengthen the quality and utility of the collection of assessment items as a whole. 

One of the goals of this project was to record student responses to each of the 
assessment items, including those items already developed and class-tested, as well as the 
items that were developed as a result of the present project. These response data will 
provide a baseline benchmark for comparison when other instructors make use of the 
assessment materials, and will assist other instructors in planning and interpreting the use 
of the materials. Samples of these data are shown in Fig. 2. They illustrate that correct-
response rates on the first few questions in a given sequence are relatively high (80% or 
greater); as the sequence progresses to more challenging items, response rates can drop to 
the 50-70% level or less. It is these more challenging questions that usually generate the 
most productive discussions. 

As part of previous projects, initial versions of question sequences for topics in 
electricity and magnetism, optics, and modern physics had been created. During the 
present project, we have worked on additional materials for magnetism and modern 
physics, as well as materials for selected topics in mechanics. Ultimately, we intend to 
complete question sequences for the full two-semester introductory physics course.  
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Figure Captions 

 

Figure 1. Sequence of “flash-card” questions for interactive lecture, four pages from 
Chap. 1 of “Workbook for Introductory Physics” by D. E. Meltzer and K. Manivannan. 

 

Figure 2. Sequence of “flash-card” questions showing student response rates, three pages 
from Chap. 3 of “Workbook for Introductory Physics” by D. E. Meltzer and K. 
Manivannan. 
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“Flash-Card” Questions



“Flash-Card” Questions







#1:

A: 0%
B: 7%
C: 93%
D: 0%
E: 0%

#2:

A: 10%
B: 8%
C: 77%
D: 2%
E: 5%



#7:

A: 2%
B: 3%
C: 3%
D: 83%
E: 9%

#8:

A: 0%
B: 2%
C: 8%
D: 87%
E: 3%



#9:

A: 0%
B: 13%
C: 7%
D: 53%
E: 22%

#10:

A: 67%
B: 20%
C: 9%
D: 2%
E: 0%
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