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Background 

 This paper follows several movements in higher education that have made substantive 

changes in teaching methods; and it outlines a successful program of professional development 

initiated by NASA to further geoscience education across the country.   For many years, school 

reformers have been calling for active learning environments instead of the traditional model in 

which teachers impart information primarily through lecture.  Active learning, they say, is 

guaranteed to expand the brain.  Active learning works in these ways: first, students learn more 

when they are actively engaged in their own learning; second, through investigating on their 

own, students build their own knowledge structures; third, active learning improves the ability to 

think critically and to solve problems; and last, students learn content and process at the same 

time (Marlowe and Page, 1998).  These active learning principles are in line with the 

recommendations of the Boyer Commission. 

 The Boyer Commission was funded to make recommendations about reinventing 

undergraduate education (Katkin, 2003). The report of the commission posed some disturbing 

trends at the university level, even though the past 60 years has been marked by success by 

leading professors and researchers. It is highly possible, says the report that thousands of 

graduates will never come into contact with the successful, world famous professors. The new 

graduates may well have been taught by poorly trained teaching assistants or by unskilled 

tenured professors who merely recite from the same dated lecture notes.  To say that most 

undergraduates never get close to a research experience is an understatement.   This system 

results in students graduating without the requisite skills for success in a highly competitive job 

market.  The Boyer Commission recommended that young professors and teaching assistants be 

trained to engage undergraduates.  The model would resemble a “student-centered research 

university.” 

 The student-centered research university would provide opportunities that allow students to: 

 Learn through inquiry rather than the traditional setting; 

 Become proficient in written and oral communications; 

 Appreciate the arts, humanities, sciences and social sciences; and 

 Prepare comprehensively for what happens beyond graduation, whether a profession or 

further schooling. 

 While many scholarly articles and publications followed the Boyer Commission and some 

universities made changes in their undergraduate education, much remains to be done.  As 

changes began to be assimilated into some universities, medical schools were facing challenges 

of a similar nature. 

 

Problem-Based Learning 

 It is the premise of this paper that problem-based learning is one means of realizing active 

learning environments and addressing the criteria laid out in the Boyer Commission’s Report.  
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The major part of the problem-based learning story begins with the work of Barrows (1985) at 

McMaster University in the late 60s.  Faculty at the medical school reported that students were 

bored with various aspects of the curriculum and found little relevance in the information they 

were presented with.  Since interns became more interested in medical content when they were 

presented with a real patient, it was decided by a curriculum committee to use biomedical 

problems.  Students were then presented with problems and worked in small groups, guided by a 

faculty member.  Problem-based learning was a successful intervention at McMaster and soon 

spread to other universities around the world.  The two main components of this method are the 

group process and self-directed learning.   

 Soon after the beginnings of problem-based learning at McMaster, it was introduced to the 

medical school at Maastricht University in the Netherlands.  Shortly thereafter this method was 

introduced into all other subjects at the university including law, business, liberal arts and 

psychology.  Soon other universities around the world began employing this method to include:  

Harvard University, University of Delaware, University of Southern California, the University of 

California at Irvine and others.  Universities created curriculum departments that dealt with 

providing faculty professional development and the infusion of these inquiry-based methods into 

the classrooms. 

 Finkle and Torp (1995) state that problem-based learning is a curriculum development and 

instructional system that simultaneously develops both problem solving strategies and 

disciplinary knowledge bases and skills. It does this by placing students in the active role of 

problem-solvers confronted with an ill-structure problem that mirrors real-world problems.  The 

term “ill-structured problem” simply means that students do not have enough knowledge to 

solve the learning issues.  The benefits of problem-based learning include engagement in 

learning due to cognitive dissonance, relevance to real-world situations, opportunities for critical 

thinking, metacognitive growth, and real-world authenticity that promotes transfer and recall.   

 It is important to train instructors to adopt new frameworks for the classroom when operating 

in problem-based learning environments.  For example, students begin the problem without 

prior content knowledge.  They discuss the problem, generate hypotheses, identify relevant facts, 

and list learning issues.  Unlike standard classes, learning objectives are not stated up front.  

Students generate the learning issues or objectives based on their analysis of the problem.  If 

prerequisite knowledge relevant to the problem’s resolution is missing, then students are 

responsible for learning it. 

 

Problem-Based Learning Research 

 An important question readers may be asking is: does problem-based learning work, or do I 

want my students to use this method?  The answer might be, “it all depends on what you desire 

as an outcome.”  Another answer could be that it all depends on the university’s commitment to 

the method and the resources they devote to faculty training and other administrative support.  If 

problem-based learning were perfect, with all learners motivated, and engaged with both 

students and faculty happy with the higher than expected results, there would be no point in 

writing this paper. Most or more universities would be using this method.  Albanese and 

Mitchell’s (1993) meta-analysis tells us: 

 Faculty members tend to enjoy using problem-based learning. 
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 When comparing problem-based learning students with conventional classes, the 

problem-based learning students perform as well or slightly less well on standard 

assessments. 

 Problem-based learning is more nurturing and enjoyable; 

 Problem-based learning graduates perform as well if not better on clinical exams 

and faculty evaluations;  

 In a few instances, Problem-based learning students scored lower on basic 

sciences examinations and viewed themselves less prepared in the basic sciences 

than traditionally trained students;  

 Problem-based learning may be more expensive to use with class sizes over 100. 

 

 Nandi, Chan, Chan, Chan & Chan (2000) share additional insights comparing undergraduate 

problem-based learning students with conventional teaching: 

 Problem-based learning undergraduates found learning to be "more stimulating 

and more humane" and "engaging, difficult, and useful"; students in the 

traditional curriculum found learning to be "non-relevant, passive, and boring"; 

 Problem-based learning students  showed better interpersonal skills and 

psychosocial knowledge, as well as a better attitude towards patients; and 

 A combination of both the conventional and newer curricula may provide the 

most effective training for undergraduate medical students. 

 

Cognitive Science Underpinnings 

 Support for problem-based learning comes from both social constructivists and cognitive 

scientists.  Chapman (1988) interprets Piaget to say that learners attempt to maintain a balance 

between applying previous knowledge and accommodating new knowledge.  This state of 

balance is referred to as “equilibration.”  When learners encounter contradictions or gaps in 

knowledge, they experience “perturbations.”  Learners simply realize they do not have enough 

knowledge to reach a goal. So the drive for equilibration is manifested in attempts to 

compensate for “perturbations.” This process is similar to a problem-based learning student as 

she encounters a problem set outside her current knowledge. 

  Festinger’s (1957) work on cognitive dissonance also supports the motivation to solve 

problems.  Festinger defined the term “cognitive” as any knowledge, opinion, or belief about the 

environment or oneself.  Festinger was of the opinion that individuals strive for internal 

consistency. When learners experience inconsistencies, psychological discomfort results.  

Festinger’s theory provides us with two elements:  first, “the existence of dissonance or 

inconsistency being psychologically uncomfortable, will motivate the person to try to reduce the 

dissonance and achieve consonance or consistency” (p. 3); and second “when dissonance is 

present, in addition to trying to reduce it, the person will actively avoid situations and 

information which would likely increase the dissonance” (p. 3).  Central to this line of thought is 

that introduction of new information may create cognitive elements that are dissonant with 

existing cognition (or beliefs).  The final element is that dissonance gives rise to pressure to 

reduce the dissonance. The strength of the pressure to reduce the dissonance would be a function 

of the magnitude of the existing dissonance.  All that is needed is a means by which dissonance 

is created in learners. 
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Problem-Based Learning Design 

 Savery and Duffy (2007) list the principles that underlie problem-based learning. Among 

these are:  design an authentic task; give the learner ownership of the process; challenge the 

learner’s thinking;  encourage testing ideas against alternative explanations; and provide time to 

reflect on both the content learned and the learning process.  Curriculum designers want to 

stretch students so that they have to find information to address a problem.  This discovery 

process is what drives the learning and causes the students to meet the learning objectives.   

Problem Based Learning uses embedded, participatory, inquiry learning to solve a 

problem or complete a project. Problem-based learning depends on a complex scenario that 

requires interdependence among the group members, thus emphasizing group success (Merrill, 

2002). Problem-based learning incorporates situations that have “real-world scenarios and 

implications that provoke learners to take responsibility for seeking out information and 

determining a solution to the problem. In this situation, the teacher takes more of a facilitation 

role rather than a direct instructional role. Ultimately, it is the success of the student group of 

problem solvers that is emphasized (Albanese & Mitchell, 1993).   

 In order to design a problem-based learning lesson, one has to first determine the learning 

outcome.  A popular instructional design model, Understanding by Design (Wiggins &  

McTighe, 2006), begins with the backwards planning process. By “backwards” is meant to 

determine what content knowledge and skills a learner will come to master as a result of going 

through the lesson. Once the designer has determined the learning outcomes, the scenario or 

context to focus the learner can be designed.   

 Problem-based learning lessons set the context or establish a theme by introducing students to 

a problem through a story or scenario. The story presents a problematic situation needing 

resolution.  The problem is presented in such a way that in order to find a solution, students 

learn the subject matter content.  Here is an example of a scenario that could be presented to 

students in an earth science or ecology course: 

 

A group of people living in a small town near Seattle, WA, USA met to 

determine whether or not to build a new public school. The present school was 

in need of repair and had little room for additional students.  Many of the town 

members were in favor of the school. It would attract financially secure young 

people with families from Seattle and Tacoma to come live in the new town. In 

short, a new school would help to instill community pride.  Before the meeting 

ended, however, a gentleman rose to state that he wanted to bring an important 

consideration to everyone’s mind. The town, he said, rested on hundreds of feet 

of mud and debris that resulted from a gigantic eruption of Mount Rainier, the 

local volcano.  “Building the new school in the proposed location,” he said, 

“was sure to invite its destruction should Mount Rainier erupt with the same 

force.  Your group has been asked by the local community planners to study the 

gentleman’s misgivings about the proposed location for the new school and to 

make recommendations. 
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  It is likely that most readers of this document are familiar with Mount Rainier. It is 

located close to Tacoma, Washington in the northwest corner of the state of Washington.  

Residents of Seattle, Washington can see the majestic, snow covered peaks of Mount Rainier 

on a clear day.  Hundreds of thousands of people live within its flood plain.  And, Mount 

Rainier has been selected by a group of international geologist as one of the ten most 

dangerous volcanoes in the world. It is not important whether the learners engaging in the 

above scenario make a recommendation to build or not build the new school at the proposed 

location.  What is important is the support they provide for the recommendation.  The Mount 

Rainier scenario will likely be given to students in a geology or Earth science class, so it is 

important that the new knowledge the students gain is in line with the objectives of the course.  

Objectives will likely address types and behaviors of volcanoes, risks and probabilities of 

eruption and perhaps mitigation and adaptation strategies in case of danger. 

 

Lesson Implementation 

 Finkle and Torp (1995) refer to the actual execution as “cognitive coaching.”  In this phase, 

students are actively defining problems and constructing potential solutions. The instructor plays 

the role of cognitive coach while the learners follow the model in Figure One — using it to 

guide their thinking.   

 

Problem-Based Learning Model 

 

1. Read and analyze the problem scenario. Check understanding of the scenario by discussing it 

within your group.  

2. List hypotheses, ideas or hunches.  Students will usually have some theories or hypotheses 

about the cause of the problem or ideas about how to solve a problem.   

3. Develop a problem statement. A problem statement is a one or two sentence idea that clearly 

identifies what your group is trying to solve, produce, respond to, test, or find out.  

4. List what is known. This brings out prior knowledge. 

5. List what is unknown. Prepare a list of questions your group thinks need to be answered to 

solve the problem.  

6. List what needs to be done.  Plan the investigation.   

7. Gather information.  The group will gather, organize, analyze, and interpret information from 

multiple sources.   

8. Present findings. Prepare a report or presentation in which you and your group make 

recommendations, predictions, inferences, or other appropriate resolutions of the problem.   

Note: The steps in this model may have to be completed several times. Steps two through six 

may be conducted concurrently as new information becomes available.  

Figure One  

 

 Detailing the essentials of what students actually do during the inquiry process may help 

envision what actually takes place in the classroom.  Students are first organized into groups of 

three to five students. Although some group or team models use more students, it is easier for 

group members to coast and not contribute when the group is larger.  Since a professor may not 

know the students beforehand, a random assignment usually works fine.  Instructors have also 
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used problem-based learning with large classes of 300 or more students, but the instructor was 

augmented with teaching assistants.  Smaller classes are recommended at first. 

 Here is an explanation of the process.  A group of students reads the context or scenario. The 

scenario sets the theme for investigation and poses the problem students need to address.  Using 

a scientific approach, students may develop a hypothesis concerning a possible solution or 

recommendation to the problem. They may also list ideas in a brainstorming session.  As the 

students gather and analyze information, they can check their new understandings against the 

hypothesis.  The point here is that the information gathered by the students will support or refute 

their hypothesis. They will also be learning the content as they work. 

 After developing a hypothesis, students prepare a list of what they already know about the 

subject matter.  A group will nearly always develop a better list than an individual.  It is at this 

point that the instructor will be in a position to notice alternative conceptions or misinformation 

held by the students. These alternative conceptions are resistant to change and may need to be 

exposed so that students can reevaluate their content knowledge and come to new 

understandings.   

 Students will need additional skills, information or data to finish addressing the problem.  

Should they already have enough information or requisite skills to solve the problem, then this is 

not a problem-based learning lesson, but more of a case-based lesson.  The act of the students 

identifying questions to answer is the essence of the instructional unit. During the process of 

developing the list of questions, they acquire ownership of the learning situation by identifying 

their own learning needs.  This stage in particular is what leads to an active learning 

environment instead of students merely following the lead of the instructor. 

 After developing the list of questions, students prioritize the questions and divide them among 

the group members. Based on the time available, each group member now begins a process of 

self-directed learning and will bring the new information back to the group at an appointed time.  

As the group finds new information, they are likely to also find new questions that need to be 

addressed.   The process of uncovering new information continues given the time available.  

At this stage the students analyze the new information and synthesize it into a completed 

product. Depending on the task in the scenario, the product could be a presentation with 

recommendations or a solution.  It should be mentioned that problem-based learning may result 

in many correct solutions as opposed to the traditional setting in which only one answer is 

correct. 

 The role of the instructor is to model and coach, providing support as the students engage in 

the problem.  Students must be given time and stimulation to seek relevance and the opportunity 

to reveal their points of view.  They also need time to ponder the story or scenario, form their 

own responses, and accept the risk of sharing responses with peers. Students should also be able 

to make and support insightful and informed recommendations concerning the problem they are 

addressing. 

 

Changing the Traditional University  

 We now explore some efforts in infusing problem-based learning into primary, secondary 

and post-secondary education. These efforts are aligned with the recommendations of the Boyer 

Commission Report.  In 1995 the Exploring the Environment Program was launched. Housed at 

a small university and funded by NASA, the purpose of the program was to provide 

environmental lessons to teachers with students eleven to seventeen years of age.  The program 
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started at the same time as the Internet was coming into vogue. One of the two main objectives 

of Exploring the Environment Program was to demonstrate the sharing of remotely sensed data 

over the Internet. The data was to be used in solving environmental problems or issues.  The 

other objective was to get teachers and their students to use inquiry.  It was at this time that the 

National Science Education Standards (NRC, 1996) were published. These standards 

recommended inquiry as the method for teachers and their students to use. One goal of the 

standards was to get students engaged much the same way that real scientists would be. The 

difficulty lay in getting teachers to use inquiry or problem-based learning as most of them had 

been using lecture for their whole career. This is often referred to as “teaching as we have been 

taught.” 

 To complement the Exploring the Environment program, a series of summer workshops were 

planned for elementary and secondary teachers. These workshops took place over a period of 

five years (1995 to 2000).  Some teachers experienced difficulty at first.  A few teachers -- new 

to problem-based learning -- were often tempted to give students key variables, too much 

information, or to simplify the problem. With too much direction from the instructor, students 

will soon learn that there is one correct answer they should be looking for.  Teachers were also 

apt to give students instructions that were unrealistic or not authentic. They did this by providing 

questions to the students to answer. If fact, the first lessons many to these teachers created 

sounded like questions at the end of a text book. All of these approaches took ownership of the 

learning situation away from students and impeded the best aspects of problem-based learning 

usage. 

 Yet teachers became more familiar with the model and grew in confidence with the 

implementation of problem-based learning. Soon they were revising their first problem-based 

scenarios or contexts to make them more engaging. They allowed students to find ownership in 

the problem, yet asked appropriate open-ended questions of the students when the students 

needed some re-direction or hints to look in another area.  Some of the teachers originally 

trained in 1995 and 1996 are still using the Exploring the Environment web site, making use of 

some of the more popular modules. Among the latter were Mount Rainier and Mountain 

Gorillas in Rwanda.  

 The Exploring the Environment web site proved to be growing in popularity. The teachers 

attending the workshops indicated that their students were engaged and learning about the Earth 

as a result of the problem-based learning modules.  The real difficulty was in using the satellite 

images, but that was a different issue not entirely related to the use of problem-based learning.  

The web usage of the Exploring the Environment web site continued to rise; the site was 

experiencing twelve million hits per year.  In 1997, NASA’s Mission to Planet Earth education 

director asked the team to develop online classes that would help elementary and secondary 

teachers learn geoscience content.  Geoscience is an interdisciplinary view of the planet and is a 

multi-disciplinary approach to environmental issues. Global climate variability, for example, 

could be looked at from the disciplines of oceanographers, meteorologists, atmospheric 

scientists and geologists. In other words, all of these disciplines and more contribute to the study 

of geoscience. 

 The team developed the online courses and tested them over a three year period.  In 2000, 

the Earth System Science Education Alliance (ESSEA; http://esseacourses.strategies.org) was 

born to disseminate the courses to universities interested in providing teacher professional 

development in geoscience or environmental science.  Seventeen universities became partners 
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within the ESSEA alliance. Professors within this network were trained during summer 

conferences to use the inquiry-based modules, as well as to teach in an online environment with 

the rigor required of a major university.  At the end of the five years, the program began a 

second phase having demonstrated its efficacy in delivering online courses that increased 

teachers understanding of geoscience content. The second phase was funded by the National 

Science Foundation (NSF). The latter was also interested in a nationwide program of geoscience 

education.  The ESSEA program was expanded to forty universities and the alliance is still 

growing. 

 As the Exploring the Environment and ESSEA programs continued to flourish, other 

universities were using the sites as good models of problem-based learning curriculum.  On or 

about the year 1998, the program was contacted by the administration at the Tecnológico de 

Monterrey, Monterrey Mexico.  Over a period of five years, the team would provide professional 

development for faculty members at the Instituto Tecnológico y de Estudios Superiores de 

Monterrey (ITESM).  The driving force for this intervention was the need for the ITESM 

students to make an impact upon graduation. That is, corporations needed graduates that could 

enter the workplace and have an immediate impact.  The graduates needed to have good 

communications skills, ability to work on teams, make decisions or recommendations, or to 

solve problems given a nebulous task that might entail multiple correct solutions.  

 One of the solutions for ITESM was to put their faculty through a series of workshops 

designed to increase their ability to create problem-based learning lessons and to implement 

these lessons in their classrooms.  Faculty members experienced both during the annual summer 

workshops, interspersed with occasional visits from the team to assist on site.  The team also set 

up a credentialing program with criteria for the faculty members to achieve various levels of 

achievement. The first level was labeled “instructor.”  This person could implement a problem-

based lesson in the classroom.  The second level was called an “author” who could both 

implement and design a lesson. The next level was for an “advanced author” who created 

courses in problem-based learning.  The highest level was a “trainer” who could provide 

professional development to others seeking to establish their own problem-based learning 

program.   

 It is important to note that universities using problem-based learning have options as to the 

manner and frequency in which it is used.  Within one course a professor could use problem-

based learning exclusively or only a portion of the time.  The same applies to a curriculum of 

courses for a given degree program. Some courses could be all problem-based learning; others 

might be delivered in the traditional setting.  

  

Problem-Based Learning Implementation Issues 

 Schwartz, Mennin and Webb (2001) provide a list of important considerations for those 

wishing to begin problem-based learning instruction: 

 The administration has to be supportive of the problem-based learning introduction, 

creating policies that facilitate adoption; 

 The university must have an effective program of faculty professional development that 

will scaffold the implementation; 

 The university must undergo a climate change in mentality that says students can become 

responsible for their learning and become active in their education; 
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 The programs will need to introduce alternative assessments aligned with the problem-

based learning curriculum. 

  

Summary: 

 Problem-based learning has been shown to be effective in increasing students' long-term 

memory of content, to increase their classroom engagement, and to provide students with skills 

needed to be successful in the workplace.  This method got its start and name from the medical 

community and then spread across the curriculum, enjoying success as students got used to 

actively participating in the learning process.  Problem-based learning soon found its home in 

primary and secondary education as well as the undergraduate and graduate level; it also found 

use in most other disciplines such as liberal arts, mathematics, engineering, science and law. 

Those universities attempting to meet the needs cited in the Boyer Commission Report found 

problem-based learning an excellent tool. Whether to employ problem-based learning may 

depend on the university’s resources to devote to the effort and on defining what type of 

knowledge and skills the university wants its graduates to have.  The bottom line is that 

problem-based learning has adherents across the world and the number of universities using it 

increases annually. 
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