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Abstract
Roughly 10% of all U.S. college students take an introductory astronomy course while in college. The vast
majority of these students are not science majors, and this course often represents the only college-level
science these undergraduates will ever encounter. The challenges posed by these courses were recently
discussed at two workshops for chairs and other department leaders from selected research universities.
Here we report on a set of goals for such courses formulated by the participants, and list some strategies to
help accomplish them. The Executive Summary (section 1) provides a brief description of the workshops
and a list of goals for "Astro 101" endorsed by all participants at the meetings. Section 2 is a longer report
on the structure and organization of the meetings, and a detailed presentation of the set of goals and
strategies developed there. It provides illustrative examples of how the goals might be met in an Astro 101
course. This section was prepared by two of the participants in the meetings, Bruce Partridge and George
Greenstein, and reflects their views, not necessarily those of all participants. 

1. EXECUTIVE SUMMARY

1.1 The Need for Goals for Astronomy 101
Each year, astronomers are involved in teaching introductory astronomy courses (which we will call
"Astro 101") to over 250,000 undergraduates (demographics are briefly addressed in Appendix A) in the
United States and Canada. The vast majority of these are not science majors, and this course often
represents the only college-level science these undergraduates will ever encounter. Astronomy, because of
its broad appeal and the wide-ranging issues it addresses, is an ideal vehicle for exposing such students to



GOALS FOR “ASTRO 101”

1. A cosmic perspective 

2. Understand crucial astronomical quantities and appropriate physical laws 

3. Physical laws and processes are universal 

4. The world is knowable through observations, experiments, and theory 

5. Exposure to the types, roles, & degrees of uncertainty 

6. Understand evolution of physical systems 

7. Some knowledge of related subjects and a set of tool from e.g. mathematics 

8. Science as a cultural process 

9. Familiarity with the night sky

Partridge & Greenstein 2003



34% RISE IN UNDERGRADUATE ASTRONOMY DEGREES
 

Trend in astronomy enrollments and degrees, academic years 2004 to 2016. 
               
               
        

 

 
 
 

Number of astronomy degrees 

  
Undergraduate 

astronomy major 
enrollments 

  
 

Graduate astronomy 
student enrollments 

Academic 
Year 

 
Bachelors 

Exiting 
Masters 

 
PhDs 

  
Juniors 

 
Seniors 

  
1st-year 

 
Total 

2004-05 343 27   91  437 584  212    999 
2005-06 351 30 119  511 565  188 1,026 
2006-07 336 18 125  379 569  206 1,077 
2007-08 327 36 161  364 536  193 1,081 
2008-09 322 29 141  388 515  215 1,065 
2009-10 382 23 156  382 605  193 1,083 
2010-11 408 47 160  450 637  202 1,156 
2011-12 385 35 152  487 666  224 1,122 
2012-13 386 35 155  484 694  233 1,134 
2013-14 428 28 147  530 711  183 1,118 
2014-15 459 22 130  561 780  187 1,108 
2015-16     604 782  198 1,137 

 
 
Notations used in this roster: 
 

m   Masters is the department’s highest astronomy degree (N=3). 
 
p   PhD is the department’s highest astronomy degree (N=40). 
 
s   The astronomy department is administered separately from the  
   physics department (N=38). 
 
c   This is a combined department, offering degrees in both astronomy  

and physics (N=41).  Data concerning the physics portion of their  
program can be found in the “Roster of Physics Departments, 2015”. 

 
GRADUATE  Department has no undergraduate program in astronomy (N=9). 
ONLY 
 
FIRST  This column includes graduate students who were new to the 
YEAR  department in the fall of 2015 as well as students who entered  

the department in the previous winter, spring and summer. 
 

EXITING  This column reflects the number of students who left the department 
MASTER’S  with a master’s degree. 

 
FIRST TERM The introductory course enrollment totals listed for each department  
INTRODUCTORY  represent the number of students who took their first term of  
COURSE   introductory level astronomy.  Departments were instructed not to  
ENROLLMENTS include enrollments for courses that were a continuation of a sequence. 
     
   Data for this field were not provided.                                           

                                     

Nicholson & Mulvey, 2016, AIP



WHAT SHOULD BE TAUGHT?

Astrophysics program proposal



WHAT SHOULD BE TAUGHT?

Mathews et al. 2015, IAU General Assembly



WHAT SHOULD BE TAUGHT?
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A (GROSSLY OVERSIMPLIFIED) 
THEORY OF EDUCATION

THREE THINGS TO REMEMBER



MOTIVATION AND ENGAGEMENT ARE PREREQUISITES 
FOR LEARNING 
HUMANS LEARN BY DOING 
TEACHING IS A FEEDBACK SYSTEM: YOU AND YOUR 
STUDENTS NEED DATA

SIMPLIFIED THEORY OF EDUCATION



Environment is NOT SUPPORTIVE

DON’T see value SEE value
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Elements of motivation

*Self-efficacy: one’s belief in one’s ability to succeed
Ambrose et al., 2010 

Slide from Feb. 21, 2017 presentation by Sara Harris & Sarah Bean Sherman, from the Carl Wieman Science 
Education Initiative, University of British Columbia.  Used with permission.



SIMPLIFIED THEORY OF EDUCATION

HUMANS LEARN BY DOING (AKA “ACTIVE LEARNING”)

▸ group problem 
solving 

▸ in-class tutorials / 
worksheets 

▸ individual responses 
to in-class questions 

▸ peer instruction 

▸ studio / workshop

Heterogeneity analyses indicated no statistically significant
variation among experiments based on the STEM discipline of
the course in question, with respect to either examination scores
(Fig. 2A; Q = 910.537, df = 7, P = 0.160) or failure rates (Fig. 2B;
Q = 11.73, df = 6, P = 0.068). In every discipline with more than
10 experiments that met the admission criteria for the meta-
analysis, average effect sizes were statistically significant for
either examination scores or failure rates or both (Fig. 2, Figs.
S2 and S3, and Tables S1A and S2A). Thus, the data indicate
that active learning increases student performance across the
STEM disciplines.
For the data on examinations and other assessments, a het-

erogeneity analysis indicated that average effect sizes were lower
when the outcome variable was an instructor-written course ex-
amination as opposed to performance on a concept inventory
(Fig. 3A and Table S1B; Q = 10.731, df = 1, P << 0.001). Al-
though student achievement was higher under active learning for
both types of assessments, we hypothesize that the difference in
gains for examinations versus concept inventories may be due to
the two types of assessments testing qualitatively different cogni-
tive skills. This explanation is consistent with previous research

indicating that active learning has a greater impact on student
mastery of higher- versus lower-level cognitive skills (6–9), and
the recognition that most concept inventories are designed to
diagnose known misconceptions, in contrast to course examinations
that emphasize content mastery or the ability to solve quantitative
problems (10). Most concept inventories also undergo testing for
validity, reliability, and readability.
Heterogeneity analyses indicated significant variation in terms

of course size, with active learning having the highest impact
on courses with 50 or fewer students (Fig. 3B and Table S1C;
Q = 6.726, df = 2, P = 0.035; Fig. S4). Effect sizes were sta-
tistically significant for all three categories of class size, how-
ever, indicating that active learning benefitted students in
medium (51–110 students) or large (>110 students) class sizes
as well.
When we metaanalyzed the data by course type and course

level, we found no statistically significant difference in active
learning’s effect size when comparing (i) courses for majors
versus nonmajors (Q = 0.045, df = 1, P = 0.883; Table S1D), or
(ii) introductory versus upper-division courses (Q = 0.046, df = 1,
P = 0.829; Tables S1E and S2D).

Fig. 1. Changes in failure rate. (A) Data plotted as percent change in failure rate in the same course, under active learning versus lecturing. The mean change
(12%) is indicated by the dashed vertical line. (B) Kernel density plots of failure rates under active learning and under lecturing. The mean failure rates under
each classroom type (21.8% and 33.8%) are shown by dashed vertical lines.

Fig. 2. Effect sizes by discipline. (A) Data on examination scores, concept inventories, or other assessments. (B) Data on failure rates. Numbers below data
points indicate the number of independent studies; horizontal lines are 95% confidence intervals.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1319030111 Freeman et al.

Freeman et al. 2014



SIMPLIFIED THEORY OF EDUCATION

TEACHING IS A FEEDBACK SYSTEM
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SIMPLIFIED THEORY OF EDUCATION

MAXIMIZE SELF-EFFICACY, USEFUL ACTIVITY, AND FEEDBACK

▸ Backwards-design from course goals (Wiggins & McTigh, 
1998) 

▸ Spiral and strand (Snider 2004) 

▸ Formative assessment (Black & William, 1998)

Strategies



SIMPLIFIED THEORY OF EDUCATION

MAXIMIZE SELF-EFFICACY, USEFUL ACTIVITY, AND FEEDBACK

▸ Peer instruction (Mazur & Somers 1999) 

▸ Lecture tutorials (Prather et al., 2004) 

▸ Pre-reading with pre-test (Heiner, Banet, & Wieman 2014) 

Techniques



IMPROVING TEACHING IMPROVES LEARNING

IMPROVEMENTS ARE NECESSARY AND POSSIBLE

Carl Wieman talk at UH Manoa, Feb. 4, 2016



IMPROVING TEACHING IMPROVES LEARNING

BARRIERS TO EFFECTIVE TEACHING

▸ 17 hours per week on 
teaching 

▸ Lack of training 

▸ Lack of incentives 

▸ Professional identity 

▸ Low status

Link et al. 2008, Brownell & Tanner 2012
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SO HOW DO WE IMPROVE 
TEACHING?

IMPROVING TEACHING IMPROVES LEARNING



IMPROVING TEACHING IMPROVES LEARNING

CONTINUED PROFESSIONAL DEVELOPMENT IS NEEDED

Dancy, Henderson, & Turpen 2016

(5) Is there a relationship between the method of
Peer Instruction exposure and the extent to which
an instructor implements components of Peer
Instruction?

II. BACKGROUND

In this section we briefly introduce (i) the instructional
strategy of Peer Instruction (PI), (ii) the diffusion of the
innovations change model [10], which we use to organize
our analysis, and (iii) the disseminating curriculum and
pedagogy change strategy that is implicitly used by most
STEM change agents [11].

A. Peer instruction

In this paper we report on a study of physics faculty self-
reported knowledge and use of the RBIS of Peer Instruction
[8,9,12–14]. Peer Instruction was chosen for this study
because it is the most commonly known about and used
RBIS for introductory quantitative physics [3,4]. A web
survey of a randomly selected sample of U.S. physics
faculty found that 63.5% of faculty report knowing about PI
and 29.2% of faculty report using PI [4]. These were the
highest levels of knowledge and use of all of the 24 RBIS
asked about in the survey.
PI is similar to, and shares many significant character-

istics, with other RBIS. Therefore, it is expected that
findings from an analysis of the use of PI can significantly
inform broad scale model building and recommendations
for impactful educational transformation.
PI was developed by Eric Mazur for use in his large

lecture introductory physics courses at Harvard University.
In a PI class, the instructor delivers short lectures
(7–10 minutes) followed by a multiple-choice conceptual
question. Students first think about the question and answer
it individually (often using a personal response, or
“clicker”, system), then discuss their answer with a nearby

classmate, and, finally, revise their answer. Based on
student responses to the multiple-choice question, the
instructor may decide to move on to the next topic or to
continue with the current topic. Studies by Mazur and his
colleagues have shown that PI is successful in improving
student learning of physics content [8,9,12,15,16] and
reducing the gender gap [15]. Similarly positive results
have been found in a variety of secondary implementations
in physics classrooms at a wide variety of institution types
[13,17]. The PI pedagogy has also spread to other science
disciplines [18–22].

B. Individual decision making in the change process:
Rogers’ stages of the adoption process

Rogers [23] proposes that decision making related to
adoption of an innovation occurs over time in a series of
five stages (Fig. 1): Knowledge about the innovation,
Persuasion about the benefits of the innovation,
Decision to use the innovation, Implementation of the
innovation, and Confirmation of continued implementation
of the innovation (Ref. [23], p. 162). We find Rogers’
framing helpful for understanding the change process and
in identifying ways to support reforms, and we will use
these five stages as a framework within which to organize
our discussion. It is important to keep in mind, though, that
we do not consider there to be firm boundaries between
these stages. Rather, we expect that an individual can be
engaged in activities frommultiple stages at any given time.
Likewise, these stages are not necessarily linear in time as a
faculty member may circle back and around as they
generally progress though the stages.
Our previous work indicates that current change efforts

have been reasonably successful at stage one: increasing
the level of knowledge that physics faculty have about
RBIS [24]. As shown in Fig. 2, in a large scale survey of
physics faculty, nearly 90% report awareness of at least one
RBIS [24]. Additionally, current reform efforts appear to be

FIG. 1. Rogers’ stages of the Innovation Decision Process.

FIG. 2. Results from a survey of 722 physics faculty indicating percent of faculty who knew about, used, or had discontinued use of
Research Based Instructional Strategies (adapted from Ref. [24]).

DANCY, HENDERSON, and TURPEN PHYS. REV. PHYS. EDUC. RES. 12, 010110 (2016)

010110-2



…FACULTY WHO IMPLEMENT AN INNOVATION 
WITHOUT ADEQUATE AWARENESS OF THE 
RECOMMENDED USE ARE LIKELY TO ENCOUNTER 
DIFFICULTIES AND (OR) NOT SEE THE PROMISED 
SUCCESS OF THE INNOVATION.

Dancy, Henderson, & Turpen 2016 

IMPROVING TEACHING IMPROVES LEARNING



IMPROVING TEACHING IMPROVES LEARNING

WIEMAN SCIENCE EDUCATION INITIATIVE MODEL

Chasteen et al., 2015



MANOA CENTER FOR TEACHING EXCELLENCE 

▸ Teaching assessment, by schedule 

▸ Designing Effective Writing Assignments (April 11) 

▸ Flipping the classroom (April 4) 

▸ Undergrad Research Project Design and mentoring skills 
(March 30) 

▸ Using polling in teaching (March 14) 

▸ Inside the Master Teacher’s Studio (Feb. 15)

IMPROVING TEACHING IMPROVES LEARNING



IMPROVING TEACHING IMPROVES LEARNING

IMPROVING TEACHERS BEFORE THEY ARE TEACHERS (ISEE PDP)

▸ ~100 hours effort 

▸ Inquiry 

▸ Diversity & equity 

▸ Assessment

Hunter et al., 2010



“THERE ARE NOW 38 
PDP ALUMNI IN 
LONG-TERM 
ACADEMIC 
POSITIONS ACROSS 
15 STATES.”

ISEE PDP
http://isee.ucsc.edu/programs/pdp/



PAST EFFORTS AT IFA, AND 
FUTURE RECOMMENDATIONS 

IMPROVING TEACHING IMPROVES LEARNING



PAST EFFORTS

▸ Astro-Coffee talks to share high impact teaching 
techniques 

▸ Colloquium to introduce backwards-design and 
curriculum map 

▸ Monthly “teachers’ lunch” 

▸ Pre-semester planning meetings 

▸ Individual coaching



TEXT

  

High ROI teaching

• Write the fnal frst.  Then work backwards from there 

to the beginning of the course

• Design assignments that have the students practice 

what you want them to be able to do

• Ask at least two questions per hour, multiple choice 

and/or think-pair-share (what would happen if X 

changes…  how would you begin modeling X…  what 

would be a good next step…)

• Look past your expert blind spot - why is your topic 

worth learning (why is it cool, or what cool thing will 

it enable students to do later).  What are potential 

bottlenecks?

August, 2015



HIGH RETURN ON INVESTMENT ACTIVITIES

MORE TIME, BUT MORE EFFECTIVE

▸ Focus class on Practice with Feedback on reasoning 

▸ Shift extension and elaboration topics to homework

Learning =

Z
Teaching ⇥ Retention

If improvements in retention outweigh losses 
in breadth of coverage, that’s a win

I think of it this way:

Feb. 2016



EFFICIENTLY INCORPORATING PRACTICES

CLASS PLANNING
1. ID student difficulties with concepts and math applications 

2. Explicit learning goals - Students Will Be Able To… (SWBAT) 

3. Lectures, with interspersed interactive elements 

‣ Conceptual questions with peer instruction 

‣ Targeted questions to develop specific skills, particular math usage 

4. Homework, with metacognitive questions 

‣ explicitly require connection of abstract to physical context 

‣ ask students to predict what answer should be 

‣ require students to first estimate and approximate
Chasteen, Pollack, Pepper, & Perkins 2012

Feb. 2016



TEACH TO THE TEST (AFTER WRITING IT)

GOALS

1. Understand how your course helps students meet 
program learning goals 

2. Develop at least one end-of-course assessment question 
(or some other form of assessment) 

3. Outline two activities to prepare students to do well on 
that question 

4. Have tools to complete #2 & 3 for other course goals

August, 2016



PROJECT DESIGN AND MENTORING TACTICS

WHAT WILL WE ACCOMPLISH TODAY?

▸ Generate and classify project ideas 

▸ Outline one potential project, and list content, practice, 
and attitude learning goals 

▸ Plan initial training 

▸ Organize regular interactions

March, 2017



FUTURE RECOMMENDATIONS
▸ Offer training to incoming faculty (UCSC ISEE PDP or Yale Center for 

Teaching and Learning) 

▸ Offer training to current faculty, too! 

▸ Integrate faculty in program level assessment cycle, in finite, focused 
ways: 

▸ yearly: curriculum map and course alignment 

▸ pre-semester goal setting and back-design 

▸ post-semester debrief / briefing for the following instructor 

▸ Engage faculty in scholarly discussions of teaching on a regular basis 

▸ Teaching trained post-doc with focus on faculty professional 
development (CWSEI model) 
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