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Abstract This paper describes the current state of
knowledge of empirical studies in the broader sense deal-
ing with inquiry-based learning (IBL) of mathematics and
science subjects in schools and universities. The advanta-
ges, disadvantages, and effects on relevant outcomes that
students can achieve in IBL classrooms are discussed from
the aspect of further developing teaching quality. First, the
conceptual aspects of IBL are considered briefly to show
the background of the studies and the results are catego-
rized. Secondly, references are given with explanations or
possible reasons for the results that are not always con-
sistent and, at times, even contradictory. Finally, conclu-
sions from current studies including this overview are
drawn with respect to open scientific questions.

“Tell me and I forget, show me and I remember,
involve me and I understand”
(Chinese Proverb)

1 Teaching quality and research history of IBL

Whenever one looks at teaching quality, the chosen
instruction design plays an important role. In general there
are two basic concepts: teacher-centred (where the new
knowledge is learned using mathematical definitions, rules,
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contexts and methods given by the teacher) or student-
centred (where new knowledge is discovered by the stu-
dents with more or less help or direct instruction by the
teacher).

Inquiry-based learning in its different variations is
considered an opposing approach to the teacher as the
centre of instruction—often manifested as ‘rule and
example’: R+E—where the teacher explains the work and
then students practise. The desired learning effect of R+E
is described as ‘memorizing’ and ‘transfer’ and the results
are assessed in tests with a pre-test/post-test design. Other
types of teacher-centred instruction include direct instruc-
tion for the learning of specific skills and subject matter,
and demonstrations of particular skills and processes. The
most common aspect of the teacher-centred approach is
that the teacher determines what will be learned and the
students tend to be passive recipients of that knowledge
rather than being actively engaged with their learning.

In reality, the situation is less black-and-white so it is
more practical to see these terms as being at either end of a
continuum. Successful teachers’ strategies in the classroom
are situated somewhere along the continuum between the
two ends, depending on the teaching and learning goals, the
special strengths of the teacher, and the special needs and
level of competence of the students. This is an important
conclusion for inquiry-based learning (IBL) too, since IBL
as a student-centred concept focuses on one end of
instruction design.

Investigations on the effect of IBL have been around for
a long time and may even be seen as a tradition that is more
than 100 years old (Artigue and Blomhgj 2013; Kahn and
O’Rourke 2005), even though the terminology has chan-
ged. Hermann (1981) reported on the presumably first IBL
experiments by Winch (1913) who determined that mem-
orizing is better for receptive learning and a more
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favourable transfer is reached by inductive learning. This
result stands as a stereotype for most of the studies that
followed, mainly carried out in the 1960s. More recently,
different measurement categories have been used for
memorizing and transfer. According to Hermann (1981),
the results in general are:

e The method of inquiry is superior to the rule and
example (R+E) approach (significant results are 12:5 in
favour of the inquiry method).

e The inquiry method is superior in stimulation transfer
of learning (a ratio of 10:1 for significant results).

e Memorizing benefits from the R+E method (significant
results with a ratio of 4:2), although many studies did
not find any significant differences.

The question about which kind of learning method has
the greatest (individual) learning effect has always been at
the centre of empirical research on classroom teaching. The
goals, questions and results of such research (e.g. Anderson
2002; Barron and Darling-Hammond 2008; Ergiil et al.
2011; Thomas 2000) are central to more recent IBL-related
research. However, there is still no common understanding
of IBL (Maaf} and Doorman 2013). In the project PRIMAS,
the acronym IBL is treated as a key to solving more global
problems, particularly in science and mathematics educa-
tion. Inquiry is often conflated or used interchangeably
with other terms that describe similar learning and teaching
approaches such as hands-on, problem-based, project-
based, student-centred, inductive and dialogic approaches
(Anderson 2002; Maaf} 2011). For the present review only
studies that explicitly use the term ‘inquiry-based learning’
are selected, even though Artigue and Blomhgj discuss the
close relation between problem solving and IBL—espe-
cially in the field of mathematics.

2 Research results on aspects of IBL

It is difficult to compare studies on a subject as complex as
IBL because of the different forms of IBL, the different
research methods used, the different methods of assessment
and the lack of definition about IBL. Further, most are
experiments and not field studies. Though IBL has been
broadly investigated, it is therefore difficult to generalize
the results on a global level, even when these results are in
agreement.

Hattie (2009) analysed 205 studies/meta-analyses on
inquiry-based teaching, with most in science education
rather than mathematics education. He found that the
effects were greatest at elementary level but decreased as
students progressed through their school years. Further-
more, the effects were twice as large on processes as on
content. Hattie concluded that inquiry-based instruction
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might be more appropriate when students have the cogni-
tive capacity to think critically but have not previously
been encouraged to think that way. “Overall, inquiry-based
instruction was shown to produce transferable critical
thinking skills as well as significant domain benefits,
improved achievement, and improved attitude towards the
subject” (Hattie 2009, pp. 209-210).

Kremer and Schliiter (2006) described inquiry-based
science teaching as one way to introduce students to sci-
ence. Students formulated their own questions, created
hypotheses and designed investigations that tested these
hypotheses, and answered the proposed questions (Ger-
mann et al. 1996). The basis of the inquiry method is
phenomena or problems that have to be worked on by the
students, in various forms, independently (Colburn 2000;
Tafoya et al. 1980). When Kremer and Schliiter (2006)
analysed IBL they discriminated between:

Structured Inquiry: The teacher gives the students a
problem or question to be solved as well as the appropriate
method and materials to solve it.

Guided Inquiry: The teacher provides the students with
the problems or questions and the necessary materials. The
students have to find the appropriate problem-solving
strategies and methods.

Open Inquiry: The students have to find problems or
questions they would like to solve and answer. They also
decide the methods and materials they would like to use.

The breadth of the research into IBL, as evidenced by
Hattie (2009), meant that we had to be selective in the
studies we included here. We looked for studies that would
give a global view of IBL: small scale (at the class level),
large scale (at the year level or school level), short-term (in
months or less), long-term (over years), across subjects,
and including students with many different backgrounds.
We analysed the mathematics and science research on IBL
using the above three strategies of IBL in the first instance.
When we considered each study, we looked first at the
amount of guidance given by the teacher, then the meth-
odology of each study, the scale and time interval as well
as the students who participated, the goals, the kind of
intervention connected with the tasks for learning, the
effects on motivation, the acceptance by the teachers and
students, and the effects on the learning outcomes. Each
study sought to answer different research questions so their
results often cannot be compared, but each study adds to
our global understanding of student learning and the stu-
dent learning outcomes in an IBL classroom.

Open tasks or open-ended mathematics problem tasks
(e.g. Chan 2006) and learning mathematics while problem
solving (see for example the ZDM issue on problem solv-
ing 2007: ‘Problem Solving Around the World: Summing
Up the State of the Art’) have been the focus of a number
of studies. We focused our analysis on studies that
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Table 1 Studies associated with Structured Inquiry

Study Design Participant Discipline® Data collection methods
details Level”
Egan and 2 days, 2 different material-based learning 78 university M Pretest/post-test, analysis of mistakes and

Greeno (1981) designs

Beinbrech
(2003)

Comparison group, some weeks, 2
different instruction-settings

students

50 students Sc
(grade 3) E

Sec learning time

Pretest/post-test, analysis of the applicability of
the learned knowledge

% M mathematics, Sc science

" E elementary school, S secondary school

integrated more generally a combination of the three most
important characteristics of IBL (Chan 2006):

(i) opportunities for students to generate several options
and solutions
(i) opportunities for students to discuss together
(iii) opportunities for students to make decisions and
justify their decisions.

2.1 Studies on Structured Inquiry

There are few studies on the Structured Inquiry approach in
comparison with a classic instructional design, e.g. R+E
(Table 1). One reason could be that there is little difference
between the two instructional designs. However, we have
already seen that the efficiency of these methods corre-
sponds to the specific learning goals of the students and to
their individual preconditions in this field of learning and
assessment. If learning outcomes are measured only in the
field of basic knowledge, then the effect on other important
variables for sustained learning are neglected.

2.1.1 Small cohort short-term studies

Egan and Greeno (1981) considered whether different
kinds of learning activities lead to different forms of
knowledge. They used computer-based experiments in the
topic of probabilistic theory using structured inquiry-based
teaching strategies in conjunction with R+E. Their results
indicated that students who did not have the necessary
knowledge and skills could learn more effectively when
they were instructed with methods requiring interpretation
and usage of rules (R+E). The study also showed that the
best support for learning new terms depended on the spe-
cial learning preconditions of the student.

In the past, IBL was often associated with self-regulated
science learning in the elementary school in order to
determine the degree of self-regulation necessary to
advance problem solving, or to target achievement with
multiple criteria. Beinbrech (2003) found that no signifi-
cant group differences occurred in a result-oriented

evaluation where the level of problem solving was recor-
ded. The participants in the experimental group often
demonstrated new and more creative ideas for solutions.
The experimental and comparison groups both showed a
higher degree of factual knowledge, but without a group
difference. There were also no significant differences in
self-efficacy.

2.2 Studies on Guided Inquiry

The majority of the IBL research discussed here used
Guided Inquiry in the classroom but there is a great deal of
difference between studies in terms of the cohort, the
length of the study, whether there was a comparison group,
and the assessment of the learning effects. Table 2 shows
large cohorts for longitudinal studies, large cohorts for
short-term studies, and smaller cohorts with particular
groups of students.

2.2.1 Large cohort longitudinal studies

Many teachers are reluctant to venture into teaching using
an IBL perspective since they believe that students need to
know the content before they can look at applications (i.e.
the traditional classroom). Boaler (1998) showed that the
IBL students’ content knowledge was as good as, or better
than, the students’ content knowledge from the traditional
classroom, especially on standardized tests, and attitudes
were more positive. Amaral et al. (2002) found more
positive attitudes to learning across all subjects.

The longitudinal study by Amaral et al. (2002) used IBL
in science classes where the students were all English
Language Learners (ELL). They found that there were
many benefits for the students, including developing posi-
tive attitudes toward learning and engaging in authentic
conversation with their peers. These attributes developed
during the life of the project with long-term participants
showing more benefits that those who had been in the
programme for less time. Importantly, they also showed
greater proficiency not just in science, but also in English
language, reading and mathematics.
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Table 2 Studies associated with Guided Inquiry

Study Design Participant details Discipline* Data collection methods
Level®
Amaral, Garrison and  Longitudinal 615 4th grade students M/Sc Stanford Achievement Test in
Klentschy (2002) 4 years 635 5th grade students E science and mathematics
English language Learners (ELLs)
Boaler (1998) Longitudinal 200 7th-9th grade (open-ended) M Pretest/post-test
3 years 110 9th—12th grade (traditional) Sec National exam results

Open-ended projects vs
Traditional (teacher directed)

Newmann, Marks and
Gamoran (1995)

1 year

2,128 students (elementary, middle M

Student observation

Student observation

Range of student achievement and high school) 23 schools E + Sec  Teacher questionnaire
3 classes in each school Assessment tasks Student
work samples
Meyer, Turner and One project 14 students M Surveys of Challenge and
Spencer (1997) 1 class E Adaptive learning
Student observation
Interviews
Lind et al. (2004) Learning session about 3 h, 34 gifted students Sc Student observation,
novices versus experts in Sec thinking aloud
physics
Gallagher, Stepien P/S in an IBL class 78 students Sc Pretest/post-test (open-ended
and Rosenthal Comparison class 7th grade Sec poorly-defined problems)
(1992) Gifted students
Scruggs and 2 science units 26 junior high students Sc Pretest/post-test
Mastropieri (1993) Learning disabilities Sec Interviews
Students
McCarty et al. (1991)  Small collaborative peer groups 4 social studies classes All Observation
Indigenous students (Navajo) subjects

Non-indigenous teachers

% M mathematics, Sc science

" E elementary school, S secondary school

Boaler compared two schools, one using a textbook
approach and the other using project-based activities (IBL)
at all times. The students in the IBL classes described their
experience of mathematics as being “noisy” (23 %), with
“a good atmosphere” (17 %) and “interesting” (15 %), but
their counterparts in the traditional classroom used terms
like “difficult” (40 %), something related to their teacher
(36 %) and “boring” (28 %). IBL students commented on
their enjoyment of mathematics, whereas the students from
the traditional classrooms were more concerned about a
lack of understanding and their dislike of textbooks. Stu-
dents who had been taught in the traditional way “did not
think it was appropriate to try to think about what to do;
they thought they had to remember a rule or method they
had used in a situation that was similar” (Boaler 1998,
p- 47). On the other hand, IBL students could use mathe-
matics in novel situations as they had developed the belief
that mathematics required active, flexible thought.
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2.2.2 Large cohort short-term studies

Newmann et al. (1996) found a positive impact on learning
when students participated in lessons that required them to
construct and organize knowledge, consider alternatives,
engage in detailed research, inquiry, writing and analysis,
and communicate effectively with audiences. Indeed, use
of these practices resulted in stronger performance
regardless of race, gender, or prior achievement.
Students’ achievement in all grade levels increased:

“We found that authentic pedagogy helps all students
substantially. However, it provides an extra boost for
students already performing at higher levels. In other
words, if a low-achieving student moved from a class
low in authentic pedagogy to a class high in authentic
pedagogy, that student’s performance would be
enhanced significantly. But a high-performing student
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making the same move would improve even more.”
(Newmann et al. 1995, p. 8)

When Meyer et al. (1997) assessed students for chal-
lenge-seeking or challenge-avoidance, they found that
challenge-seekers approached an IBL classroom more
positively, allowing for collaboration, while the challenge-
avoiders expressed self-doubt and did not find the experi-
ence enjoyable, even when the task was successfully
completed. Challenge-seekers reported a tolerance for
failure and higher-than-average self-efficacy in mathe-
matics, while challenge-avoiders reported higher negative
affect after failure and lower self-efficacy in mathematics.

Lind et al. (2004) worked with 34 gifted students to
compare two different methods of learning—independent
problem solving, and working on problems with com-
mented solutions. The students were asked to solve a
problem while ‘thinking aloud’ and were given opportu-
nities to elaborate on their answers. They found that pre-
vious knowledge played a crucial part in the problem
solving in terms of the ability to solve problems and in the
way they were able to explain their solution. Chi (2000)
indicates that self-explaining is effective for learning
because it is easily used and beneficial to students of all
abilities.

It “engages students in active learning and ensures
that learners attend to the material in a meaningful
way while effectively monitoring their evolving
understanding. ... Several key cognitive mechanisms
are involved in this process including, generating
inferences to fill in missing information, integrating
information within the study materials, integrating
new information with prior knowledge, and moni-
toring and repairing faulty knowledge.” (Roy and Chi
2005, p. 273)

The study by Lind et al. (2004) extended Chi’s results,
finding that self-explanations are independent of previous
knowledge and that a deep elaboration of examples was not
sufficient to provide necessary background knowledge—
that is, an encyclopaedia cannot substitute for well-inte-
grated knowledge.

Gallagher et al. (1992) also studied the abilities of gifted
students to solve problems, in this case poorly-structured
problems. They defined these problems as realistic prob-
lems that did not give sufficient information, changed as
more information was added to the situation, had many
perspectives for interpreting the situation, and no abso-
lutely right answer. The students who were provided with
guided experience in solving problems in an IBL class
showed significant improvement in problem-solving
schemes whereas the comparison class did not. The IBL
students’ motivation and dedication also increased. In a

later study, Stepien et al. (1993) found that gifted students
had an enhanced ability to support their reasoning with
clear arguments.

Scruggs and Mastropieri (1993) compared IBL with a
textbook approach for students with learning needs. They
concluded that IBL yielded significantly higher achieve-
ment for high school students with special needs because
they learned more and remembered more than those who
were taught by more direct instructional methods. The
students who studied using both methods favoured hands-
on science IBL activities over textbook activities—96 %
reported that they enjoyed the inquiry approach more, and
over 80 % considered the activities more facilitative of
learning and more motivating.

In the North American context, Rains et al. (2000) dis-
cussed the native cultures’ epistemologies and beliefs that
have developed over thousands of years of continuous
living on the land. This connection to the land means that
native peoples have different ways of approaching
knowledge, learning, understanding and remembering
(Rains et al. 2000).

McCarty et al. (1991) found significant gains in IBL
student participation levels and greater student interest in
connecting content to the social, economic and cultural
realities of their society when they engaged in IBL rather
than whole-class lecture and discussion. Prior to this study
the non-Navajo teachers had struggled to engage the stu-
dents, but found that in the IBL classes the students
actively participated in class and applied what they learned
in new contexts.

While Perso (2003) is not a study of IBL, it makes an
important contribution to our understanding of IBL with
indigenous students. Perso pointed out that indigenous
students in Australia also have different learning styles that
relate to their cultural background. Perso discussed the
Yolngu people’s style of learning and IBL and pointed out
the similarities between their learning styles and IBL. The
indigenous students learn:

e by observation and imitation rather than verbal
instruction;

e through trial and error rather than verbal instruction and
demonstration;

e on the whole task rather than a sequence of skills;

e Dby approaching problem solving with persistence and
repetition;

e Dby using hands-on materials to assist learning.

Perso also points out that Aboriginal behavior is gov-
erned by discussion and group decisions so participation is
important. Indigenous students are reluctant to take risks
publicly, preferring to try out new things privately or in
groups and seek help from peers rather than the teacher. It
is therefore not surprising that Perso advocates an IBL
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Table 3 Studies associated with Open Inquiry

Study Design Participant details Discipline* Data collection methods
Level®
Marx et al. (2004) 3 year 8,000 students 6th, 7th and Sc Achievement tests

Longitudinal study

Comparison group

8th grade

Low achievers

E/Sec

Physics students

Kahle, Meece and
Scantlebury (2000)

Longitudinal study

Comparison group

African American students Sc
8 middle schools

Achievement tests

Questionnaires

Penuel, Means and 1 year 3 3rd grade classes E Performance task
Simkins (2000) Standardized tests
Kremer and Schliiter One unit 38 students Sc Student observation (video)
(20006) 8th grade Sec
Asmussen (2009) Intervention study 75 students Sc Pretest/post-test
Miniphidnomenta (without 3rd and 4th grade E Student observation, interview

instruction)

Palmer (2002) Group-work, seminars are

peer assessed

42 Master-students, 1
university semester

Student observation with interviews
and questionnaires

Psych.

% M mathematics, Sc science

> E elementary school, S secondary school

approach as being the most effective learning strategy for
indigenous Australians.

In his analysis of IBL research, Thomas (2000) indicated
that higher-achieving students were able to make greater
gains academically than low-achieving students when IBL
was used. There were many school districts in the United
States where similar results were achieved using Expedi-
tionary Learning and Co-nect.’

Thomas (2000) suggests that the reported effects of IBL-
based programmes on students’ basic skills achievement
may be the result of a generalized effect associated with the
whole school reform effort or, perhaps, the motivational
effect of inquiry-based instruction may lead to increased
student attendance, attention and engagement during the
(non-project) periods students spend learning basic skills.
In earlier work, Newmann et al. (1995) suggested that such
results may have been due to the increased content
knowledge of the high achievers. For example, there was a
positive effect on 4th and 5th grade students’ acquisition of
critical thinking skills. Using a problem related to an
apparent housing shortage in six countries, there was a
significant increase (compared with the fifteen traditionally
taught students) on a test of critical thinking skills by the
IBL students (The Cornell Critical Thinking Test). The

! Expeditionary Learning and Co-nect provide school leaders and
teachers with professional development, curriculum planning
resources, and new school structures to boost student engagement,
character, and achievement through ‘authentic learning’—Ilinking
school mathematics with real-life mathematics.
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students in the IBL group also reported increased confi-
dence and learning.

The research discussed here indicates that Guided
Inquiry is successful in improving student attitudes and
motivation. Importantly, Guided Inquiry was important for
all students (including gifted students, ELL students and
Indigenous students), across subjects and grade levels. The
results concerning improved content knowledge are
mixed—while some studies found that content knowledge,
as measured by standardized tests, improved, others did not.

2.3 Studies on Open Inquiry

The third method of inquiry is the most student-centred of
all with the students often deciding the problem or question
and then deciding on the method or strategy to solve it
(Table 3). By deciding their own approach to the problem,
students generate new ideas or solutions that are beyond
what anyone could have thought before. They create a
different level of understanding of the problem. In this
way, open inquiry teaches problem-solving skills providing
learners with the freedom to solve problems in a variety of
different ways.

2.3.1 Large cohort longitudinal study

Marx et al. (2004) conducted a longitudinal study and
found that IBL classes allowed the students to fulfil the
curriculum requirement and understand the process of
IBL without sacrificing state curriculum standards. The
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students, who were historically low achievers in science,
succeeded in IBL science classes when they were asked
to create projects to explore simple machines and the
concept of force. Kahle et al. (2000) found similar results
for African-American students, especially boys. They also
found that IBL narrowed the achievement gap between
male and female students, with the students showing
greater interest in mathematics. The research also com-
pared eight teachers who had participated in IBL teacher
professional development with ten teachers who had not.
Since Boaler (1998) found similar results in the United
Kingdom, these large-scale longitudinal studies are
important in our understanding of IBL and its benefits.

2.3.2 Small cohort short-term studies

A comparison of studies that are small cohorts and short-
term is difficult. Each one is specific in its purpose, stu-
dents and results. Such complexity indicates the variety of
approaches in IBL and in the research associated with it.

A multimedia project was used as the basis of the study
by Penuel et al. (2000). The students investigated the
problems of the homeless in their local area culminating in
an exhibition of their presentations at the local history
museum. They earned higher scores than the comparison
group on content mastery, sensitivity to audience and
coherent design, and performed equally well on standard-
ized test scores of basic skills.

Asmussen (2009) prepared 53 stations with experiments
for primary students, installed for self-guided learning
during the breaks between the lessons—he called this
interactive exposition MINIPHANOMENTA. The research
goal was to analyse possible changes of the abilities of the
students by participating. Asmussen found explicit and
sustainable effects for the methodical abilities of the stu-
dents, in particular their science-thinking and logical and
experimental abilities.

Inquiry-based learning was the basis of a Developmental
Psychology unit where peer-assessed student-led seminars
were part of the assessment. Palmer used IBL for the stu-
dents “to take charge of their own learning and [give] them
more freedom to research ... topics of personal interest in a
way which suits their own learning style (Palmer 2002,
p.- 82). The students increased their knowledge of a broad
range of topics, learning advanced research and presenta-
tion skills, and improved their ability to undertake inde-
pendent and cooperative learning. Student evaluations
showed that, although they did not like the approach ini-
tially, they felt they had learned more than they would have
through a more conventional approach (Palmer 2002).

However, when Kremer and Schliiter (2006) reported on
aspects of the development of science-knowledge with IBL
students, their results were not as positive. They found that

students intuitively used the framework set up by Fradd
et al. (2002): questioning, planning, implementing, ana-
lysing, concluding, reporting and applying, but could not
generate different hypotheses because they lacked basic
knowledge for creating new hypotheses. The students
rarely gave interpretations and explanations of the results
of the experiments.

The results for Open Inquiry are mixed. The large-scale
studies found content knowledge enhanced by IBL, but the
smaller studies are mixed in terms of their results. Each one
looked at a different aspect of student learning so it is
difficult to compare them or find an overall result.

2.4 Summary of research results

In summary, most IBL projects showed some positive gains
for the students—sometimes the gains were in mathematics
or science content, but more often the gains concerned the
processes. The Guided Inquiry projects showed the greatest
gains in both content and process but it is difficult to gen-
eralize the results because of the different methodologies,
participants and length of studies. However, it is evidence
that there is a growing body of research showing that stu-
dents learn more deeply from strongly guided learning than
from discovery learning (e.g. Moreno 2004).

3 Task difficulty

If one assumes that IBL has positive learning effects, fur-
ther research questions arise in terms of the level of diffi-
culty of the questions posed when learners are to discover
the results themselves. There are a number of aspects to
discussing the difficulty of tasks given to students in IBL.
Problems or questions can vary in the level of difficulty for
the students, and the amount of help given by the teacher
can also vary.

Klauer and Leutner (2007) described a study of 156
university students solving tasks where the level of diffi-
culty was known from other studies. The goal was to dis-
cover rules or patterns in the solutions of the tasks. The
students worked on tasks with different levels of difficulty,
and the results were clear: the students were more suc-
cessful when the teacher guided the students toward dis-
covering the rule whereas the students had much less
success with tasks that had little teacher guidance.

Neber (2001) found IBL was most promising when the
process of discovery was gently steered by the teacher with
the necessary knowledge communicated only when nec-
essary. Furthermore, the problems should not be too
complicated but reduced to an appropriate level. Varying
the level of the tasks forms the basis for generalizing
understanding and for practising transfer.
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NuBbaum and Leutner (1986) support these results,
stating that the old didactical rule of thumb ‘moving from
simple to difficult’ is still relevant. Reversing the rule,
however, was not supported so only giving students diffi-
cult tasks, or working from difficult to easier tasks, was
problematic. When tasks were very difficult, the learning
effect was almost zero—often having devastating effects
on the motivation to learn.

As with any teaching, the choice of task and the actions
of the teacher have an important effect on the student
learning. Teachers must choose the task for the students
carefully, ensuring that the tasks are challenging but not
demotivating because they are too difficult. The Guided
Inquiry strategy where the teacher has a supportive role in
the students’ learning is the most effective in several
aspects of student learning, with tasks that extend the
students’ problem solving.

4 Critiques of IBL

Many studies produce different findings on IBL since there
is a level of uncertainty associated with a complex teach-
ing/learning relationship (Leikin and Rota 2006; Phelan
2005). Cronbach (1981) contrasted a variety of experi-
ments and research on IBL and indicated that there are
aspects in the research that have been neglected. For
example, he criticized the methodology when different
times for experimental and control groups were used.
Cronbach discussed the conditions for the finding of the
result that teaching efficacy depends more on what is
learned than how it is learned or how teaching is con-
ducted. He postulated that, in order to get useful results,
there needs to be a fivefold interaction between the type of
learning-content, the type of teacher, the teaching and
learning time, the type of student, and the outcome.

More recent studies agree with Hartinger (2001) who
claimed that forms of inquiry-based learning regarding
knowledge acquisition and transfer of knowledge are more
successful than solely autonomous, inquiry-based learning.

Students’ prior understanding also crucially influences
IBL. Many studies show that children with little prior
understanding of a topic have better results in learning
when it is not inquiry-based (e.g. Egan and Greeno 1981;
Hermann 1981; Kirschner et al. 2006). There are some
skills that are required in order for students to engage in
IBL—identifying and solving problems, for example—but
these skills can be taught and then practised.

Kirschner et al. (2006) argue that studies from the last
50 years show that IBL is less effective than most educa-
tors believe. IBL has good results compared with R+E if
the students have a high level of prior knowledge. They
suggest that for successful problem solving we work with
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our long-term memory, which is responsible for a flexible
application of our knowledge and our strategies. However,
for the transfer of relevant task-information into the long-
term memory it is necessary to have enough working
memory. IBL needs a lot of working memory to find
solutions for the actual problem and then there is not
enough working memory available for the transfer of
important information into the long-term memory (e.g.
Sweller et al. 1982).

Brown and Campione (1994) noticed that IBL could be
inefficient if there was little feedback when the students
engaged in it. Chan (2006, p. 3) described a successful
IBL-situation as follows: “The teacher had to practise
management by walking about, and would sit with indi-
vidual groups at different times to listen to their discussion
and elicit their thoughts through questioning their
assumptions, bearing in mind that without some form of
support and encouragement, the problem-solving process
could deteriorate into a frustrating experience for them.
The teacher used ‘what if...” questions to prompt them to
think further and deeper. The teacher encouraged the stu-
dents to do likewise, to question students who provided
inputs, so as to challenge them to rationalize their view-
points.” Obviously such a teacher’s behaviour is measur-
able only in terms of its effects.

Moreno (2004) concluded that (strongly) guided learn-
ing helps the students to learn more deeply than discovery
learning (i.e. Open Inquiry).

Kirschner et al. (2006) describe the important study of
Klahr and Nigam (2004) who not only tested whether
science learners learned more via a discovery versus direct
instruction approach but also tested, once learning had
occurred, whether the quality of learning differed. Specif-
ically, they tested whether those who had learned through
discovery (Open Inquiry) were better able to transfer their
learning to new contexts. The findings were unambiguous.
Direct instruction involving considerable guidance (tea-
cher-centred) resulted in vastly more learning than dis-
covery (Kirschner et al. 2006).

These results are important for educators so that IBL is
given an appropriate place in the every-day teaching and
learning of mathematics. Sometimes the expectations of
IBL are too high when teachers prefer IBL as their
favourite instructional design. A suitable combination of
different instructional designs could be the solution. The
cited studies indicate that there are other important benefits
besides the aim of generating content knowledge. Often
programmes and testing are implemented with the specific
aim of improving the results through an emphasis on
content knowledge, especially in mathematics and reading.
However, IBL projects do not target the basic skills tapped
by standardized achievement tests, at least not directly.
There are explanations from the cognitive load-theory,
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from feedback, from different learning styles etc., to
explain why IBL does not always give positive results in
testing. Typically, projects target content area topics or
technological operations. Skills of reading, writing and
computation are often involved in constructing project
products, but these skills are rarely introduced in the con-
text of projects.

Our conclusion from the state of the research concerning
different instructional designs is that we probably do not
need any more studies comparing IBL with other strategies.
Rather, we should look carefully at the appropriate
implementation of IBL in schools. Researchers should
consider the professional development needed to imple-
ment IBL because many teachers are reticent about
changing from the teacher-centred approach that they know
to a student-centred approach that removes some of their
control over what happens in the classroom. The mea-
surement of the outcomes of IBL is also an avenue for
further consideration so that teachers can see its benefits.

5 Implementation of IBL with implications for teachers

The implementation of IBL teaching strategies has impli-
cations for the content knowledge of the teachers. Kahle
et al. (2000), among others, found a positive relationship
between teacher professional development and the use of
IBL in the classroom. In some cases, professional devel-
opment occurs just once before teachers start using IBL in
the classroom; while in other cases, professional develop-
ment continues long after the initial introduction to IBL.
Many studies and school districts include teacher profes-
sional development as part of the change to IBL. In a
traditional classroom, the teacher is able to plan for every
minute of the lesson, whereas in an IBL classroom there is
a level of uncertainty associated with a complex teaching/
learning relationship (Leikin and Rota 2006; Phelan 2005).
In the IBL classroom, teachers respond to students in a
different way—student thinking is explored through skilful
probing and making sense of students’ ideas (Nelson &
Moscovici 1998). Teaching for understanding includes
fluency in teaching with manipulatives, guiding small-
group work, and capitalizing on students’ multiple solution
strategies, in order to draw out the deep structure of the
discipline so that learners learn to reason and connect ideas
(Puntambekar et al. 2007).

The science teachers of English Language Learners
(ELLs), in a study conducted by Amaral et al. (2002), were
given at least 100 h of professional development “designed
to deepen their own content understanding, address peda-
gogical issues and to prepare them to teach the units at their
grade level” (p. 221). The training was continuous and
cumulative for the 4 years of the study. The teachers were

initially introduced to the content in the same way they
would introduce it to their students so they could see how
the units were connected and how to lead the students to
“the big ideas of science” (p. 222). In this way the teachers
became acquainted with the pedagogical strategies, and the
content and concepts. After the professional development,
teachers were given in-class support.

On the other hand, Leikin and Rota (2006) found that the
teacher’s proficiency developed in the course of their
teaching experience without any professional development
intervention. The teachers had been a part of the preparation
of the IBL lessons that were conducted 10 months and
6 months apart. They found that teachers became more
proficient in their lesson organization, and the discussion
structure with the students reflected teacher flexibility in that
it was more responsive than active (Leikin and Rota 2006).

There are also implications for teachers’ pedagogical
content knowledge. Diezmann et al. (2001) found that
teachers who were aware of the mathematical literacy
necessary to undertake investigations were able to plan and
implement mathematically rich tasks that developed chil-
dren’s investigatory abilities. While these investigations
placed demands on mathematical literacy for the 7- and
8-year-old students in the study, they also provided a
powerful context for the development of their mathemati-
cal literacy. They also showed that the failure to understand
certain aspects of language inhibited the student’s capacity
to identify the key issues in a problem. The role of the
teacher is therefore to optimize conditions for learning and
to introduce children to the culture of mathematics by
teaching them how to think like experts to reinforce the
importance of representation and problem solving as cru-
cial processes of mathematical literacy.

6 Summary and open research questions

There is some empirical evidence from different studies
about the quality of mathematics teaching or the quality
and effects of mathematics education with IBL.

The effects of IBL include benefits for motivation, for
better understanding of mathematics, and for the develop-
ment of beliefs about mathematics as well as for the rele-
vance of mathematics for life and society.

There is some empirical evidence from different studies
about the effect of IBL compared with other more tradi-
tional teaching strategies. Here, it is important to separate
the following aspects of IBL: a changed teacher role from
the teacher-centred approach to a student-centred approach,
and a change in the type of work in the classroom with
open tasks that ask for creativity versus strategy;

Structured Inquiry, Guided Inquiry and Open Inquiry
are variations of IBL and allowing comparisons between
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studies. Guided Inquiry was shown to be the most effective
method of implementing IBL in the classroom with closed
tasks that support learning of rules. A combination of both
aspects—open and closed tasks—is possible. For this
article we distinguished studies about IBL with a view on
the possible stamping, sighting and functions from IBL.

There is another dimension to IBL—what teaching and
learning is about. How do we know when any teaching is
effective? Many of the pressures on teachers today arise
from the different expectations of student learning. If we
want students who are able to understand mathematics,
enjoy mathematics and have an ability to work through
problems to a conclusion then IBL with guidance could be
thought successful—but how do we measure that? How-
ever, if our aim is for students to be able to achieve high
marks in standardized knowledge-based tests then IBL is
sometimes less successful—but what are we measuring in
standardized tests? These are important questions for all
teachers and many researchers have attempted to answer
them over the years.

The next step to improve the teaching quality in math-
ematics lessons could be supporting teachers to improve
their ability to support students in the IBL classroom using
the three strategies from structured to guided to (some-
times) open inquiry. Furthermore, teachers need profes-
sional development so they feel comfortable implementing
IBL.

These ideas leave us with further research questions,
many of which have been known for a long time:

1. Some studies showed that IBL needs a high level of
content-knowledge and strategies for problem solving
as a precondition for success.

e  Which problem-solving strategies are required for
flexibility in IBL? Which strategies are relevant for
IBL and how can the students learn these strategies
effectively?

2. Often there are problems for the students in posing
mathematical questions or making a hypothesis.

e How can students effectively gain the ability to
pose (mathematical) questions?

e What special knowledge is needed for successful
modelling with mathematics and how can students
improve this knowledge?

3. One of the problems of using IBL in school is how to
integrate problem-solving abilities in the assessments.
For the acceptance of IBL by students, parents and
teachers, the benefits of IBL and assessment tasks have
to be complementary. If the students learn through
discovery, then it is important for them to communi-
cate their findings.
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e How do students improve their ability to talk about
their mathematics and the used problem solving
strategies and to present their results step by step
using correct mathematical language?

4. A precondition for successful IBL is previous experi-
ence of group work and of independent work. The
three aspects of IBL depend on the ability of students
to work with each other and depend on different
cognitive styles which influence the success of the
learning situation.

e How can students gain abilities in self-regulation
and knowledge about their individual strength and
learning styles for successful working in groups
and in independent work?

For all this to work, students need all of these things in
conjunction. Working on only one of these aspects will not
exploit the full potential of IBL. Furthermore, the students
need suitable help and support in their learning process.
However, more information is needed concerning the best
strategies for giving support and feedback in different
learning situations and which are linked to the individual
needs and preconditions of the students.

Other open questions and recommendations for future
investigations are large-scale studies for the sustainability of
different learning outcomes depending on the instructional
design and the support for teachers and students. Since
teachers need material-based support for using IBL and
professional development with individual levels of support
before instituting IBL and then during IBL in classes, further
research on the success of IBL with respect to the sur-
rounding conditions (support of the teachers) is needed.
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