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A
t many colleges and universities, the 

traditional model of science instruc-

tion—a professor lecturing a large 

group of students—is being transformed 

into one in which students play a more active 

role in learning. This has been attributed to 

mounting evidence that traditional lectures, 

recitations, and laboratory sessions do not 

guarantee that students develop deep under-

standing of critical concepts ( 1– 5).

Since 1991, the National Science Founda-

tion (NSF) increased its support to research 

projects that reconceptualize undergraduate 

science instruction. The resulting increase 

of “student-centered” instructional innova-

tions studies raises questions, for example: 

How do these undergraduate course innova-

tions vary? Do student-centered innovations 

in undergraduate science courses have a posi-

tive impact on student learning? These types 

of questions motivated a 3-year, NSF-funded 

research study that intended to characterize 

undergraduate course innovations described 

in published journal articles and to quantify 

their impact on student learning in biology, 

chemistry, engineering, and physics courses.

We expand upon prior studies ( 6– 8) to 

consider more types of innovations from 

more disciplines. Unlike other syntheses, we 

did not rely on terms used by authors to refer 

to their innovations, as names may refl ect a 

general term (e.g., technology) with differ-

ent meanings. Instead, we classifi ed studies 

based on four, non–mutually exclusive inno-

vations: conceptually oriented tasks (COTs), 

collaborative learning (CL), technology 

(TECH), and inquiry-based projects (IBPs) 

(see the fi rst table). Our categories allowed 

characterization of innovations in more detail 

than in previous syntheses ( 8).

Innovations: Concepts and Methods

Five inclusion criteria were used to screen 

articles during the literature search: (i) 

focus on undergraduate education in biol-

ogy, chemistry, engineering, or physics; (ii) 

inclusion of one or more student-centered 

innovations; (iii) set in a “real-world” regular 

classroom and/or laboratory environment, as 

opposed to conducted in an education lab-

oratory; (iv) published in a peer-reviewed 

journal between 1990 and 2007; and (v) 

results communicated in English. [See sup-

porting online material (SOM) for details 

about study methods.]

Of the 868 articles on course innovations 

gathered, 82, 18, 23, and 74 described at least 

one comparative study in biology, chemistry, 

engineering, or physics, respectively. Com-

parative studies involve a contrast between 

students who have and have not received a 

given instructional innovation (i.e., treatment 

versus control), making it possible to evalu-

ate the effect of course innovations on student 

learning. The unit of analysis was “study,” a 

unique set of data collected under a single 

research plan from a sample of respondents 

( 9,  10). An article that reports results of mul-

tiple innovations, comparison groups, or out-

come measures could have multiple studies. 

The fi nal pool included 98, 26, 

38, and 148 studies in biology, 

chemistry, engineering, and 

physics, respectively.

Studies were coded on two 

dimensions: conceptual char-

acteristics of the innovations, 

and methodological character-

istics of the study designs. This 

approach permitted us to cluster 

conceptually and/or method-

ologically similar studies ( 10). 

Periodic agreement checks 

revealed acceptable intercoder 

agreement: 89% on average.

Analysis of conceptual char-

acteristics indicated that most 

studies (69%) involved more 

than one innovation. The most 

frequent combination included 

COTs and CL (26%). Exam-

ples of specific, well-known 

programs that were given this 

combination of codes included 

Tutorials in Introductory Phys-

ics ( 11) and Powerful Ideas in 

Physical Science ( 12,  13), in 

which students work in small 

groups collaboratively on con-

ceptual questions designed to 

elicit and resolve students’ com-

mon misconceptions. The com-

bination of COT, CL, and TECH 

codes was also quite common 

(27%) for established pro-

grams of instruction in physics. 

For example, in Peer Instruc-

tion ( 3), students use electronic 

clickers to respond to conceptu-
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FOUR TYPES OF INNOVATIONS STUDIED 

Conceptually Oriented Tasks (COTs):

•elicit students’ level of understanding of key science concepts; 

•identify students’ misconceptions, “common sense” knowledge at 

odds with actual concepts that are known to affect students’ 

learning; 

•engage students in conceptual schemes within a topic rather than 

isolated facts; help students focus on methods of problem 

representation and approaches to think about the problem 

components (solving strategies); 

•engage students with real-world problems in creative ways that 

reflect a conceptually integrated understanding of the content 

Collaborative Learning (CL) Activities:

•engage students with peers (groups as small as pairs) as a 

component of the learning process; 

•provide students the opportunity to engage in explanations and 

discussions as they describe their reasoning, interpretations, and 

solutions to problems.

Technology (TECH):

•helps students visualize processes and/or concepts; 

•helps students manipulate variables by collecting and/or analyzing 

data that can help them understand a concept or a process or 

solve real-world problems;

•helps students test theories and models with simulated data; 

•provides feedback (online homework, such as problem sets).

Inquiry-Based Projects (IBPs):

•provide students the opportunity to undertake research projects 

(may or may not be in a real-world setting) that require more than 

one class period to complete; 

•require students to develop a procedure and/or plan to complete 

the project; 

•require students to follow a structured procedure and/or plan 

provided in advance as a framework to complete the project.

 Four types of innovation studied.
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ally oriented questions before and after dis-

cussing the questions with their peers. Peer 

Instruction is also used in the discipline of 

biology with ( 14) and without ( 15,  16) the 

use of electronic clickers. In engineering, the 

most common innovations involve technol-

ogy alone (32%), e.g., computer-based simu-

lations from which “virtual experiments” can 

be conducted as they typically would be in a 

laboratory ( 17).

Effect Sizes: Positive, but Variable
An effect size statistic was used to compare 

instructional innovations on student learn-

ing, expressing different outcome measures 

on a common scale, i.e., the mean effect as 

a proportion of the standard deviation of the 

outcome variable ( 18) (see the second table). 

Many of the studies did not report summary 

statistics needed to compute an effect size 

(means and standard deviations); thus, 46% 

of 310 studies had to be excluded from the 

synthesis (the highest percentage in phys-

ics, 52%). Only 18 (11%) of the remaining 

166 studies involved random assignment of 

students to treatment or control conditions 

(experimental design). The most frequent 

design (89%) can be classifi ed as a “quasi-

experiment” ( 19), in that students were com-

pared across treatment and control conditions, 

but were not assigned to these conditions at 

random. Further, 64% of quasi-experimental 

studies did not include a pretest to establish 

baseline conditions before the intervention.

The variability of effect sizes within 

and across disciplines was substantial. The 

average effect sizes ( 20) found in biology 

(0.54) and physics (0.59) were considerably 

larger than those found in chemistry (0.27) 

and engineering (0.08). Quality of research 

design played a clear role, with the mean 

effect size for randomized experiments 

(0.26) considerably smaller than for 

quasi-experiments (0.50).

Caveats and Recommendations
This evidence suggests that under-

graduate course innovations in biol-

ogy, chemistry, engineering, and 

physics have positive effects on stu-

dent learning. However, some caveats 

are in order.

First, as mentioned, almost half of 

the comparative studies collected for 

review had to be excluded because 

they lacked the simple descriptive sta-

tistics needed to compute an effect-size 

estimate. It is unknown whether these 

results generalize to what would have 

been found from the excluded studies. 

Second, it is diffi cult to rule out plau-

sible threats to the internal validity of most 

studies, because there are few examples in 

which students were randomly assigned to 

treatment and control conditions. To make 

matters worse, a substantial number of stud-

ies fail to administer pretests, making it 

impossible to rule out preexisting differences 

in achievement between groups (selection 

bias) that could artifi cially infl ate or obscure 

the effect of the innovations. Effect sizes for 

comparative studies with random assignment 

are lower than those without random assign-

ment, which indicates that the latter designs 

are likely to produce inflated estimates of 

effectiveness. Another important method-

ological threat to the validity of these studies 

is a lack of attention to technical characteris-

tics of the instruments used to measure learn-

ing outcomes. For example, of the 71 phys-

ics studies included, the vast majority (92%) 

do not provide information about the valid-

ity and reliability of the instruments used. 

Only 3% of studies overall pay attention to 

these properties that enable a reader to con-

clude that a given test truly measures what it 

is claimed to measure.

In the spirit of improving scientif ic 

research of instructional innovations, we 

make the following recommendations, 

which we view as a joint responsibility of 

funding agencies, researchers, journal edi-

tors, and reviewers.

First, all studies need to include descrip-

tive statistics (sample sizes, means, stan-

dard deviations) for all treatment and con-

trol groups on all testing occasions. Sec-

ond, whenever possible, researchers should 

attempt to randomly assign students to treat-

ment and control conditions. When this 

is not possible, efforts should be made to 

demonstrate that the groups are comparable 

before the treatment with respect to variables 

(e.g., prior academic achievement). Finally, 

researchers should be attentive to the quality 

of their outcome measures; if measures are 

not valid and reliable, subsequent interpreta-

tions can become equivocal.

Although the poor quality of some 

research in this fi eld, and the specifi c short-

comings that commonly undermine studies, 

have been discussed before, journals con-

tinue publishing these types of papers. We are 

hopeful that our new analyses provide more 

simple and straightforward emphasis on 

these critical issues. Experts in experimental 

research and methodology in education and 

experts in educational assessment can con-

tribute a great deal to improve research on 

instructional innovations in science. 
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EFFECT SIZES OF INNOVATIONS AND

COMBINATIONS OF INNOVATIONS

Innovations  n Mean Median SD

COTs 9 0.47 0.22 0.70

CL 5 0.68 0.69 0.16

TECH 30 0.37 0.38 0.38

COTs+CL 41 0.54 0.54 0.43

COTs+TECH 18 0.41 0.44 0.61

TECH+IBP 9 –0.11 –0.25 0.67

COTs+CL+TECH 39 0.46 0.50 0.50

Other 15 0.84 0.74 0.65

Total 166 0.47 0.47 0.54

“Other” refers to innovation combinations wherein fewer 
than fi ve studies were combined. See SOM for details.
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