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Preface

In August 2010 the city of Reims and its university organized the international conference “Teaching and
Learning Physics Today: Challenges? Benefits? ” with the Groupe International de Recherche sur I’Enseigne-
ment de la Physique (GIREP), the International Commission on Physics Education (ICPE) and the group on
Multimedia in Physics Teaching and Learning (MPTL). These three bodies share very important goals, such as
contributing to improve the teaching/learning of physics at all levels, campaigning for the exchange of infor-
mation covering all aspects of physics education, supporting innovation in teacher education methods in order
to take advantage of the progress of the research in physics as well as in physics education.

The conference was supported and endorsed by International Union on Pure and Applied Physics (IUPAP),
European Physical Society (EPS), the University of Paris Diderot Paris 7 and its Laboratoire de Didactique
André Revuz (LDAR), the Société Francaise de Physique, the French Union des Professeurs de Physique et de
Chimie (UdPPC) and the laboratory GRESPI.

The organizers of the conference were fortunate to benefit from the combined experiences of over three hundred
participants from all over the world, representing researchers in various fields of physics, physics teachers of all
levels and PHD students from fifty countries. The challenges in teaching and learning physics today, referred
to in the title of the conference, were described, compared and carefully examined. The subject of benefits of
teaching and learning physics also produced 230 contributions of great interest. A broad range of pioneering
proposals and physics education research originated suggestions aimed at helping teachers in improving their
work by developing scientific reasoning using simple experiments, exploring existing (free or easily available)
multimedia resources, as well as taking advantage of fascination of science and using history of science as a
means of including physics in general human achievement.

The richness of contributions presented and the help of the University of Udine allowed GIREP to produce a
selected paper book containing the 10% of the best presented contributions. Long and detailed was the peer
review process to produce this book. The interest and the quality of the other contributions presented in the
Conference convinced GIREP to produce this selected paper Conference Proceedings. This web proceeding
e-book contains paper submitted to the process of peer review and accepted by two anonymous referees.

The chapter 1-Background aspects, 2-Special aspects and 4-Thematic analysis have the same contents of the
book, containing respectively the plenary talks, the contributions to the Symposia and the contributions pro-
duced by Workshops held in the Reims Conference. Chapter 3 on “Topical aspects” contains the selected
papers of the oral contributions presented in seven times seven parallel oral presentations sessions and it is
organized in the following sub-topics: History and Nature of Science, University teaching / learning propos-
al, Modern and contemporary physics, Experiment proposals, New teaching/learning methods and Inquiry
Based Learning, Multimedia in teaching/learning, Learning out of school, Teacher Education. The last chapter
5-Complementary aspects contains the EPS awarded poster and some very appreciated poster contributions.

We thank the anonymous peer reviewers, whose important help may not always be evident, but is fundamental.

It goes without saying that we are very grateful to all the participants for stimulating discussions, important
advice, constructive criticism and patient encouragement.

We hope that this web proceedings book will be useful to those involved in physics education research, as well
as those who practice the teaching of physics every day.

Wanda Kaminski and Marisa Michelini
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The International Commission on Physics Education:
Challenges and Opportunities

Pratibha Jolly®
Chair, International Commission on Physics Education (2005-2011)
*Miranda House, University of Delhi, Delhi, India

ABSTRACT

Established in 1960, ICPE, Commi ssion 14 of IUPA P, was born out of the realization that
unlike research speciality areas, physics educ ation lacks spontaneous international linkages
even though teaching of physics, an d education of physicists, is of concern to all and there is
great deal of commonality in problems faced by diverse communities. The primary mandate of
ICPE is to prom ote the exchang e of info rmation and views am ong the m embers of the
international community of phys icists in the general fiel ~ d of Physics Education. The
presentation elaborates on the mission objectives and various activ fities, in par ticular on th e
recent efforts m ade in establishin g strong re gional coop eration and networks with global
outreach. It delineates the comm ission’s concer ns about m aking program s m ore inclusive;
efforts towards capacity building of physics educators; m echanisms for effective coordination
between physics education organi zations worldwide; initiatives for sharing of resources and
expertise for optim um outreach; and providing support to potential regional leaders and
envisioning global netw orks. Th ese efforts have led to adop tion of a resolution by IUPAP
urging all nations to emphasize the im  portance of active learning m ethods, hands-on and
laboratory activities. A memorandum of understanding between the Abdus Salam International
Centre for Theoretical Physics, Trieste and IUPAP will enable furtherance of the action plans
that emerged from the World Conference on P hysics and Sustainable Development, sponsored
by IUPAP, ICTP and UNESCO i n 2005. The co mmission will spearhead organization of
PHYSWARE series of workshops prom oting active learning and use of appropriate
technologies, especially in the developing world. It is hoped th at these educate the educator
workshops will build a critical m ass of educators who can assume the role of regio nal leaders
and strengthen physics education program s. Future plans also include or ganization of a W orld
Conference on Physics Education, once every four years, in collaboration with key
organizations.

INTRODUCTION

This article is a tribute to th e International Commission on Physics E ducation (ICPE) as it
celebrates fifty vibrant years of its existence. It is a remarkable coincidence that this year ICPE
joined GIR EP and MPTL in sponsoring and or  ganizing its annual inte rnational conference
Teaching and Learning Physics Today: Challenges? Benefits? at the historic city of Rei ms —
renowned also as the Cham pagne capital of the world — mere 45 minutes train ride from Paris,
the city where ICPE came into being. In my capacity as the current chair of the commission, it
is a privilege to recount the rem arkable story of ICPE, reflect on its mission and lay out a
considered roadmap for future.

The parent body of ICPE is th e International Union of Pure and Applied Physics (IUPAP)
which has, since its inception in 1922, played a vita | role by providing a comm on platform to
physicists f rom all across the world. Its broa d objective is to simu  late and facilitate
international cooperation in physics and the worl dwide development of science by encouraging



research and education. It works through se ~ veral comm issions responsible for overseeing
exchange of inform ation and activities rela ted to select physics dom  ains. The Union is
governed by its General Assem bly which m eets triennially to elect m embers of specialized
commissions and approve their activities [1].

GENESIS

The International Comm ission on Physics E ducation ( ICPE) cam e into being as the 14 th
Commission of [UPAP in 1960. It was born out of the realization that unlike research speciality
areas, physics education lacks spontaneous in  ternational linkages even though teaching of
physics and education of physicists is of concern to all.

Pioneering efforts to resolve this anomaly were led by William Kelly and Sanborn Brown who
then served as the Chairm an and Secretary of the Commi ttee on App aratus for E ducational
Institutions of the Am erican Association of Physics Teachers (AAPT). I t was on a fateful day
in June 1958 as the two strolled down New Yo rk continuing their conversation after dinner
together that they came up with the idea of an International Conference on Physics Education.
The launch of Sputnik had triggered a new era  heralding excitem ent about rapid growth of
knowledge in physics and a sudd  en spurt in undergraduate en rolments in physics degree
programs. It also raised sim ultaneous ques tions on the adequateness of national m  anpower
resources and state of education in science and engineering lead ing to greater rapport between
teaching and research physicists. Rising public es teem for physics, greater financial support,
national emphasis on innovation and curriculum reform brought physics education to the centre
stage. In this changed scenario, there was a felt need for change in almost every country. Given
the comm on concerns about physics educati  on, there was also a felt need for greater
international cooperation and collaboration.

Networking with renowned physicists in [UPAP  and Am erican Institu te of Physics (AIP),
Brown and Kelly established a task force to organize the firstev  er [IUPAP sponsored
International Conference on Physics Education at the UNESCO House in Paris towards the end
of July 1960. Further support came from co-sponsors and agencies across the world including
the Organization for European Econom ic Cooperation, the National Science Foundation of the
U.S.A., the Asia Foundation, and UNESCO which has continued to play a vital role. A meeting
of the organizing committee was held on 30 June 1958 at Konstanz, Germ any with
representatives from US, UK, Germany, Italy and Japan.

The Paris conference proved to be of sufficient global interest. Held from 28 July to 4 August
1960 at the UNESCO House, it w  as attended by 86  participants representing 28 different
countries. The conference ended by for mulating a num ber of landm ark resolutions. Am ongst
these was the recomm endation to [IUPAP that it should take appropri ate action, possibly in
collaboration with other international organizations, to establish an inte rnational committee of
professional physicists to accept responsibility for:

1. The collection, evaluation, and coordination  of infor mation and the stim ulation of
experiments at all levels of physics education.

2. The suggesting of ways in which the faciliti  es for the study of physics at all levels
might be improved in various countries.



3. The collection and evaluation of infor mation on m ethods used for the assessm ent of
standards of perfor mance of students of physics and for the evaluation of the
qualifications and effectiveness of teachers of physics.

4. The giving of help to teachers in incorporating modern knowledge in their courses.

The prom otion of the exchange of info  rmation and ideas am ong all countries by

methods that would include the holding of international conferences.

e

Significantly, the conference in its final resolutions also recommended a major improvement in
the degree of professionalism and the working conditions of physics teachers, and a closer
relationship between universities and secondary schools in the area of physics education.

Things moved at an astronom ical pace. It is a measure of su ccess of the Paris conference and
the commitment of all players to the cause th at a m onth later on 9 Septem ber 1960 at the X
General As sembly of IUPAP held at Otta  wa, the International Commission on Physics
Education cam e into official ex istence; th e mem bership of the new Comm ission com ing
primarily from the chief organizers of the defining conference.

In conf ormity with the sta ted a ims of IU PAP, prom otion and support of international
conferences was seen as an effective ins  trument by which ICPE could achieve its own
objectives. Interestingly, over the years, the m ain the mes of the 1960 Paris conference —
Physics as part of a general education; Exam inations and the selection of students; Curricula;
Laboratory; Physics for other sciences and engineering; Training for teaching and for research;
Films and t elevision as teaching aids — have pr oved to be of enduring interest, g ranting the
modifications of interest engendered by technological advances in changing times.

Riveting accounts of creation of ICPE [2] and its growth story over the ne xt twenty years [3]
are available in the ar ticles by key players, W illiam Kelly and A. P. French. In a pref ace to a
collation of ICPE publications m ade availabl e on the website in 1988, Len Jossem wrote:
“Every organization has multiple histories — oral and written, formal and informal, official and
persona, factual and mythic. Each provides a pa  rticular point of view and special way of
understanding the organization, its origins and developm ent, its policies and activities, and of
understanding also the various ro les played by the persons who have influenced it and who
have been influenced by it.” This article cont ributes towards documenting the evolution of the
organization as witnessed in a decade of association since 2002.

NEW DIRECTIONS IN PHYSICS EDUCATION

Over the last five decades, there h  ave been in Physics Education discernible changes of
paramount significance. Reporting to the 1993 IU PAP assembly, then Chairm an Paul Black,
identified four main trends as affecting the nature of physics education at all levels.

1. Changes in Physics as a Subject. There is a need to help t eachers of physics keep pace
with the progress in dom ain knowledge and better understand, both, the m ethods and the
concepts. Advances in the dis cipline also make it im perative that both, teachers an d
students, get a flavour of excitement which inspires professional physicists.

2. Research into How Students Learn. Se minal work by Physics Education Research
Groups acro ss the world has generated a greater understand ing of cognitive aspects of
teaching-learning. In depth investig ations have generated a wealth of data on the n aive



beliefs students bring to th e classroom and provided insigh t into how students learn new
concepts and solve problem s. This has helped build what m any now call the Science of
Physics Teaching, an area of work characterized by its own voca  bulary, research
methodology and scientific rigor. C urriculum development has acquired a research-base
that incorporates models of the student, the learning process and instruction coupled with
suitably designed instruments for assessment. Increasingly, the view of teaching-learning
is becom ing student centric. It is now believed that to engender conceptual
understanding, students’ preconceptions need to be explicitly challenged and the resulting
conflicts with expert viewpoint need to be resolved before new ideas can take root. All
this requires active m ental engag ement. Then the efficacy of the traditional lectu re is
questionable. Research shows that dom ain knowledge combined with a natural flair for
exposition by itself do es not n ecessarily m ake a teacher effective; also im  portant is
pedagogic knowledge and the underpinning model of instruction.

Inasmuch as teaching of physics is of concern to the entire community of physicists, there
is an urgent need to communicate the new findings of physics education research in
usable forms to various players. It is imperative that serious efforts be made to bridge the
gap between the view points of the dom ain expert, the teacher, the education researcher
and the policy maker.

Changes in the Context and Goals of Physics Teaching. Although study of physics per
se continues to be of vital interest and ¢ ontemporary applications of physics span m any
exciting areas, the traditional physics course is no longer able to attract the num bers it
used to. Data shows this to be a global trend triggered by rapid changes in the work place
that have changed the expectations of students as also the profile of potential em ployers.
No longer is it prudent to teach phy sics to all students as on e would to a future physics
researcher or specialist. This realization is beginning to im pact physics teach ing in two
directions. One, there is need to impart to all students a basic thre shold of sc ientific
acumen crucial for life as a responsible citizen in a science and technology driven society.
Then there is a renewed effort to design learning experiences that make learning a joy and
convey the excitement of science in the context of problems of relevance in everyday life.
It has become crucial to build capacity ear ly enough for independent lifelong learning as
well as social skills for collaborative team  work and better communication. Societal
issues m ake it im perative tha t som e em phasis is p laced on teac hing the concept of
evidence — how data and eviden ce are to be evaluated to a rrive at judgments. Two, there
is aneed to reach out to wider special in terest groups by designing cu rriculums with a
strong component linking physics to other disc  iplines ranging from m edicine and life
sciences to sports, music and arts. Summarizing, physics for new fields and new students
is the need of the day.

Changes in How Physics is Communicated. W ith the advent of com  puter-based
technologies, in particular th e internet, there is an additi onal shift in how knowledge is
communicated. Research-based curricula ha ve a strong component of technology input.
The full gamut now includes prof  essional ge neral purpose application software and
visualization tools, computer sim ulations, computer-based data-acquisition system s and
interfaced laborato ry experim ents, web-ba sed learn ing m aterials a nd com prehensive
virtual laboratories. In changing demographic profile of the student, also on the scene is
the distance learner. There is a need to train teachers in the use and development of these
materials. Further, there is a need to realize the full potential the internet as an instrument
for linking comm unities of physics educat ors and publication of widely accessible



resource materials. The last has major implications for developing countries or those with
a poor tradition of innovation in education or lim ited capac ity for access to works of
significance from elsewhere.

MANDATE

The above developments in physics education have impacted the activities of ICPE. In addition
to the domain knowledge, pedagogic issues are consid ered to be of prim e importance. It is of
interest to compare and contrast the mission statement formulated in 1960 with what is adopted
today by ICPE:

The primary mandate of the Commission is to promote the exchange of infor mation and views
among the members of the international community of physicists in the general field of Physics
Education including:

» collection, evaluation, co-o rdination and distribution of infor mation concerning
education in the physical sciences at all levels;

* information relative to the assessment of standards of physics teaching and learning;

* suggesting ways in which the facilities for the study of physics at all levels m ight be
improved, stimulating experiments at all leve Is, and giving help to physics teachers in
all countries in incorpora ting current knowledge of phys ics, physics pedagogy, and the
results of research in physics education into their courses and curricula.

FRAMEWORK

Currently IUPAP has representa tion of m ore than 60 countri es on its 20 commissions, 4
affiliated commissions and various work groups, representing research domains of physics with
the very best physicists as members. Funding comes from member countries which hold shares
in [UPAP usually in proportion to the size of the physic s community and its activities. At the
triennial General Assembly, co mmissioners are chos en from those nom inated by Physics
Academies or equivalent apex bodies repres  enting communities of physicists of m ember
countries for a period of three years. This m akes the comm ission qualitatively different from
individual member based societ ies and associations of physics educators, such as GIREP or
AAPT. IUPAP comm ission chairs and executive council m eet annually to review, plan and
finance activities of all comm  issions. Then ICPE is strongly boun d to its parent body.
However, within [UPAP, in recognition of i mportance of its m andate, ICPE enjoys an equal
status and if anything, enhanced support. It is amongst the two comm issions that are invited to
make presentations at each General Assembly.

The changing de mographics of the comm ission is of interest. Over the last five decades, the
composition of the commission has changed significantly. In 1960 ICPE had 7 m embers and 3
Associate Members, mostly from industrialized countries. Now in 2010, there are 14 m embers
from 61 IUPAP countries and 4 associate m embers representing greater geographic, cultural
and professional diversity. Sin ce inception, there have been only 8 women comm issioners, 2
women associate members. The author is the first woman chair of the commission. A concerted
effort is now under way to increase the presence of women on ICPE and certainly there will be
more women comm issioners when ICPE is ne xt reconstituted in 2011. Also, the developing
world will be increasingly better represented.



ACTIVITIES

The Commission members meet annually at th e sidelines of ICPE conference. In addition to
drawing the charter of activities, the opportunity is used to share experiences about the state of
physics education in mem ber countries and forge an academ ic liaison to further th e mission
objectives. Shared com mitment, sustained co mmunication, cooperatio n and strong bonding
between commissioners has been central to the success of ICPE. The charted path of ICPE has
impacted physics education globally in many significant ways.

Conferences: Inasmuch as prom otion and support of international con ferences is one of the
main ways in which the comm ission seeks to achieve its aim s, the list of ICPE supported
conferences is long. Over the years, there has been a distinct shift in the profile of the
participants and the foundations on which the conference themes rest.

It is im portant to note that re search in physics education isno  longer considered the sole
prerogative of Departments of Education, m eant for scaffolding teach ing of school science.
There is considerable thinking about pedagogic issues and curriculum development even at the
tertiary level. Many Departments of Physics at reputed Universities take pride in offering Ph.D.
programs in Physics Education and increasingl vy, action research is being carried out by
professional physicists and teachers in their ow n classrooms. Then the conference organizers
and many participants tend to be those who ar e professionally engaged in Physics Education
Research or Curriculum Development in a major way. The touchstone of conferences in recent
times has been the pres entation of research on students learning that underpins development
work and the need for teacher education. There is a strong emphasis on hands-on experiences,
workshops and group discussions that dem onstrate the new ways of thinking. Consequently,
the conferences are im portant milestones in p rogression of the discipli ne and the proceedings
provide a wealth of field tested ideas which ca n be easily put into praxis. This trend has an
impact at all levels.

A collation of the conferences that have been organized by the comm ission is available on its
website. The location and the theme give a flavour of the educational ¢ oncerns and also the
outreach. An important concern has been on making participation more inclusive. For instance,
there is yet the need  to enhance the participation of wom en in physics and increase
opportunities for early career physics educators and researchers — including school teachers and
teacher trainers — particular ly those from the developing countries. F ollowing th e [IUPAP
policy on conferences, the commission ensures that women are included on the organizing and
program committees and as invited speakers. The commission also looks for ways to enhance
greater participation of young, or m ore appr opriately, early career physics education
researchers and educators in its conferences.

The commission has tradition ally been supporting the Inter-American Conference on Physics
Education (IACPE) organized once every three  years in a Latin Am erican Country, by the
Inter-American Council of Physics Education. The tenth such conference was held in July 2010
in Colombia. This initiative has served an important purpose of promoting the cause of physics
education and providing a unique opportunity for sustained regional cooperation. Additionally,
several of the GIREP conferences have received sponsorship in form of financial assistance or
endorsement.

Experience has shown that the best way of propagating the cause of physics education has been
to organize conferences on physics education in ¢ ountries which have rarely or never done so



before. Thus in the past few years, we have  organized conferences in South Africa (2004),
India (2005), Morocco (2007), and Thailand (2009). The point is illustrated herein through the
story of ICPE conference in Delhi in August 2005 which galvanized the Government.

The year 2005 was m omentous for ICPE . UNESCO had declared 2005 as the  International
Year of Physics (IYP) to comme morate hundred years of Einstein’s seminal research papers
published in 1905. The euphoria of world-wide celebrations brought ICPE and its activities
centre stage and provided trem endous opportunities to work towards fulfilm ent of the larger
objectives. The IYP also brought closer all stakeholders; those in schools, universities, research
laboratories, national so cieties, government, science m useums and othe r non-formal agencies
engaged in the area of physics ~ education. Of particular signi ficance was the international
solidarity. Several in ternational organizations worked collabor atively to setup sp ectacular
global events with larg e scale participation from across the world. There was som ething for
everyone.

ICPE 2005 was seen as the natio n’s contribution towards achieve ment of the stated m ission
objectives of IYP. Befittingly titled World View on Physics: Focusing on Change ICPE 2005
brought together about 350 participants from 30 countries, with vibrant participation from the
neighbouring countries of South Asia, East Asia and other deve loping countries where Physics
Education Research is still in its inf ancy. I n keeping with th e ¢ elebratory sp irit of th e
International Year of Physics, the Inaugural Day Program on 22 Augus t was designed to be
special. Directors and heads of departments, physicists, researchers and physics educators from
various research and ed ucational institutes wer e specially invited. Also invited wer e a larg e
number of undergraduate students and high school students. The premiere conference hall was
filled to its capacity of 1200. The conference was inaugurated by the President of India, Dr. A.
P. J. Abdul Kalam , himself a scientist. Speaking of Injecting beauty of science in teaching,
with insightful examples of the questions posed to him by students and the strategies adopted
by great teachers of science, Dr. K alam generated surprise and awes ome delight amongst the
diverse international audience. The full tex t of his speech ap peared in the October 2005 ICPE
Newsletter [4]. This was followed by an eloquent keynote address, Communicating Physics: a
personal account, by Nobel Laureate Horst Storm er from Columbia University a nd Lucent
Technologies. He further elaborated the process  of scientific learning and discovery with
magnificent historic and pedagogic insight. The day included other talks providing a glimpse of
physics at the frontiers, the wide ranging impact of physics, the future of physics, and of course
an overview of the concerns of physics education research by Edward F. Redish, University of
Maryland, who in his engaging and highly interactive talk f ocused on Changing student ways
of knowing: what should our students learn in a physics class?

On later days, the technical sessions open to re gistered members, dwelt in depth on changes in
the ways of teaching-learning of physics; in the understanding of the teaching-learning process;
in the content of physics as a discipline, and in the context of physics teaching. The presence of
some of the best known physics education research ers, innovators, curric ulum developers and
practitioners from the classroom ensured succe ssful elaboration of the conference them es.
Those who were attending a Physics Education Conference for the first time admitted that the
deliberations had radically altered their knowl  edge and epistem ological beliefs about the
teaching-learning process per se [5].

The paradigm shift was palpable. Dr. R Chidamba ram, the Principal Scientific Advisor (PSA)
to the Government of India had consented to be the Patron of the conference. He stayed cued in
to the entire proceedings. On his behest, several key agencies including the National Informatic



Centre (NIC), EQuSAT and Indira Gandhi National Open University (IGNOU) worked
together to web cast the sessions and also transmit them live to several nodal centres across the
country through the Educational Satellite Program, a first for any conference. IGNOU still
continues to beam archived talks given by  the em inent conference speakers. W ithout the
government will, at th at point in In dia, this exercise would have been hugely expensive and
formidable. In a quick f ollow up, as the organize r of this conf erence the author was asked by
the office of PSA to organize a brain storming meeting of select educators across institutions in
India to explore the possibility of setting up a consortium and a vibrant program for Research
and Innovation in Physics Education (RIPE).

These initia tives we re born of the realiza tion that India lacked a cr itical num ber of those
engaged in PER. Soon after, the Departm ent of Science and Technology (DST) invited the
author to subm it a proposal for establishm ent of a Centre for Research and Innovation in
Science Education (RISE). Generous funding follo wed and the Centre was indeed established
at Miranda House, albeit in project mode. To celebrate the centenary of Professor D S Kothari,
renowned physicist, administrator, institution builder, educationist with unparalleled vision, the
Centre is named after him and fondly referred to as DSKC. It would not be inappropriate to say
that the Centre took nearly 50 years to be established as D S Kothari was India’s representative
to the ICPE conference in 1960, an early comm ission member and organizer of the first Indo-
American conference o n Physics Education and Research in India sponsored by governm ent
agencies in both countries. It br ought together 37 Indi an physicists and 20 physicists from US
to Srinagar, Kashm ir in 21-30 June 1970 to dwell on challenges and opportunities.
Interestingly, Len Jossem ’s retrosp ective Srinagar 1970 to Delhi 2005: Thirty five years of
change in physics and physics education presented at ICPE 2005 provided a convenient
baseline for reflecting on the changes over 35 y ears. While much has changed during the time,
many of the old problems remain and compel us to look for new answers to fit new contexts.

ICPE 2007 in Marrakech, Morocco, im bibed the e xperience from Del hi. Morocco is not an
IUPAP member country. The organi zer Khalid Berrada worked ag ainst all odds to ensure all
stakeholders were on board from  t he planning stage. This conference also resulted in a
significant project grants for science education programs. It thus appear s that we can catalyze
similar interest as we travel across the world. W e look forward to the impact of the upcom ing
conference Training Physics Teachers and Educational Networks which takes place from 15 to
19 August 2011 in Mexico City. In a build up to this conference, Cesar Mora has already
reached out beyond Mexico to the entire regio n. Latin American countries h ave traditionally
been collaborating and organizing regional ¢ onferences but now they also stand organized
under LAPEN, the Latin Am erican Physics E ducation Network. Another conference in the
region is already being planned and will be in 2013 or 2014 in Brazil or Argentina. Histories
matter and give an opportunity to assess progression. If plans m aterialize, ICPE would return
after five decades to Sao Paulo, the city that hosted the second ICPE conference in 1963.

The Medal of the International Commission on Physics
Education: In 1979, on suggestion of Geor  ge Marx, the
commission instituted a medal to comm emorate outstanding
contributions to physics educat ion that have extended over a
considerable period of tim e; are major in scope and im pact;
and that transcend national boundaries. The m edal is shaped
by the Hungarian artist Miklés Bo  rsos. The face shows a
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symbolic picture, the in teraction of hum an beings with forces of nature, repres ented as four
elements of the ancient Greek philosophers —ear  th, water, air and fire , the last one being
symbolised by powerful rays of sunlight.

The medal is given every one or two years.  The recipients include well known physicists,
educationists and two organiza tions, nam ely, Eric Rogers ( 1980), P. Kapitza (1981), J.R.
Zacharias (1983), Victor F. W eisskopf ( 1985), John Logan Lewis (1987), International
Physics Olympiad (1991), Nahum Joel (1992), E. Leonard Jossem (1995), George Marx
(1997), Paul Black (2001), Lillian McDerm ott and Tae Ryu (2002), Laurence Viennot (2003),
Svein Sjoberg (2005), Jon Ogborn (2006), Pr  iscilla Laws (2007), UNESCO (2008), Ton
Ellermeijer (2009). All have played a pione ering role in physics education, and m ore
importantly, in strengthening international cooperation.

This list of laureates includes four wom en, each renowned for pioneering work and immense
dedication. Given the wide ranging and transformational impact of laureates, it is also befitting
that the International Phys ics Olym piad and UNESCO have be ~ en recognized by the
commission.

The ICPE m edal for 2010 is bein g awarded at this conference to Gunnar Tibell, Professor
Emeritus at University of Uppsala, Sweden. An experiment al nuclear physicist, he is well
known for his contributions as the Chairm an of the Swedish Physical Society 1989-95, and the
European Physical Society, where he played an influential role with his strong advocacy for the
cause of physics education at al | levels. As Chair of the E PS Physics Forum and later within
the Physics Education Division, he vigorously supported a wide range of educational activities,
including pre-university educati on, student m obility programmes, international exchanges for
physics teachers and student co  mpetitions. He is especia lly known for spearheading the
International Young Physicists Tournament for ten years as President from 1999. Tibell served
as am ember of ICPE from 1999 to 2002 and was Chair from 2002 to 2005. His deep
engagement with EPS and other international physics organizations led to greater synergy that
strengthened global exchanges for development of physics education programmes.

Citations for all laureates are available on the ICPE website. These chronicle not just individual
achievements but also establish benchm arks and global milestones in the evolution of physics
education.

IUPAP Young Scientist Prize in Physics Education: Over the last three years, at the behest of
IUPAP, several comm issions have introduced the Young Scientist P rize in their discipline to
recognize m erit in researchers who are within  eight years of their ~ PhD (with appropriate
adjustments), on the basis of work published o r accepted for publication in a refereed journal.
Following s uit, ICPE has also decided to award up to three prizes inthree y ears, each
consisting of USD 1000, a m edal and a certificate. The prize will be announced and presented
at a conference sponsored by the commission and the prize money will normally be given as a
contribution towards the expenses for attending the conferen ce where this work would also be
presented.

Instituting this award has been a real challenge , given the vast scale of physics education and
diversity of work profile of physics education researchers, e ducators and those engaged in
outreach. After intense delibe rations, it was deci ded that resea rch will includ e educational
development such as developm ent of instruct ional m aterials as we 11 as Physics Education
Research. Further, the impact of research/ deve lopment will be judged in local contexts. R&D
experiences in informal education will be cons idered at par with work in f ormal settings. For



formal education there will be no restrictions on the level at which the research or development
was conducted. The selection will  rest on carefully establishe d assessm ent procedures. W e
hope to give the first aw ard in 2012 at the upc oming World Conference on Physics Education
in Istanbul.

The Newsletter of the ICPE: Since 1977, with funding from UNESCO, the comm ission has
regularly been bringing out a Newsletter twice a year, in April and October. Consisting of 12
pages, it includes articles, re  ports, announcem ent of conferences, events and provides an
effective channel for co mmunication of international activities and thrust directions in physics
education and its research.

The newsletter has the distinction of having  renowned editors since its inception. The list
includes John Lewis (1977), Anthony P French (1981), Peter J Kennedy (1984), George Marx
(1987), and Edward F Redish (1995), and Vivi an Talisayon (1999). C urrently, lan Johnston
who founde d the Sydney University Physics E ducation Research (SUPER) Group is editor
since 2005.

Till 2005, the newsletter used to be sent free of charge to a mailing list of about 2000 recipients
across the world. Now, the preferred m ode of distribution is electronic via em ail and wider
electronic access is pos sible from the ICPE we bsite. P aper copies are printed as and when
required for distribution at meetings, workshops or conferences.

Other Publications: Since its inception, ICPE has endeavored to bring out resource m aterial
for physics educators. In the initial years, the comm ission m embers collaborated with
UNESCO to bring out valuable and highly cited resources [6-12] such as:

e Survey of the Teaching of Physics at Universities (1966) — a 400 page report on physics
teaching in Czechoslovakia, Germany, France, USSR, UK, US;

e Source Book for Teaching School Physics (1972);

e Source Book for Teaching School Physics, John Lewis (Editor), 1975;

e New Trends in Physics Teaching Volumes | to IV published in th e seventies and
eighties; and

e Physics Examinations for University Entrance: An International Study, Paul Black
(Editor); this is arepo rt of an ICP E co mmissioned survey of assessm ent in eleven
countries;

e The Role of the Laboratory in Physics Education, J. G. Jones and J. L. Lewis (editors),
1980.

Equally successful have been the ICPE centena ry volum es dedicated to Einstein and Neils
Bohr, namely,
e Einstein: A Centenary Volume edited by A.P. French. This was trans lated into French,
German and Japanese.
e Niels Bohr: A Centenary Volume, edited by A.P. French and P.J. Kennedy.

In the last d ecade, the comm ission has brought out excellent educational resource books with
teacher education as focus.

e Physics 2000 — as it enters a new millennium, Editors: Paul Black, Gordon Blake and
Leonard Jossem ; this is a com pendium of reviews by leading physicists in [UP AP
commissions giving a flavour of the state-of-art in their fields.

e Physics Now, Editor: Jon Ogborn; this includes th e updated version of the articles in
Physics 2000.
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e Connecting Research in Physics Education with Teacher Education, Volume 1,
Editors: A ndrée Tiberghien, E. L eonard Jossem , Jorge Barojas, 1998; this carries
invited articles by physics education experts re nowned for their pioneering work in the
area. It has proved to be a tim eless resource as the research-based pedagogic insight it
provides rem ains universally valid even t oday. Freely m ade available to the physics
education comm unity in an electronic fo rm at the Com mission’s website and also
distributed on CDs at the comm ission’s conferences, the book contin ues to be widely
accessed and downloaded from across the world and has b een translated into several
European languages.

e Connecting Research in Physics Education with Teacher Education, Volume 2,
Editors: Elena Sass i and Matilde Vinciteni, 2008. The reported pedagogic importance
of Volume 1 as a resource book and its con tinuing usefulness led the comm ission to
conclude that it would not be appropriate to thi nk in term s of an update. Rather, there
was felt a need for a second volum e covering topics not discussed, many of which have
become salient since the book was first pr ~ epared. Much more than a com pendium
volume, beautifully conceptualized, this book is of great significance in its own right
with articles equal inim  portance and usefulness. The book can again be freely
downloaded.

The above publications, conceptualized as theme based collation of articles, have provided
an opportunity for a long term world-wide collaboration. The editors of these books have
all been individuals with visi on, energy and zest for hard wor k, characteristics critical for
turning an idea into a product. W ith immense skill, they have converted this endeavo ur to
be much more than mere collation o f commissioned articles. The contributors have given
liberally of their tim e and expertise , particip ating in the creation of this resource with a
passionate belief in the larger cause of teacher education. We hope the publication will
catalyze vibrant discussions, gene rate further exchange of e xperiences, impact praxis and
foster greater collaboration amongst physics teachers at all levels, across the world.

It is im portant to m ention here th at th e parent organization [IUPAP and UNESCO have
generously supported the comm ission’s publication ventures by providing access to adequate
finances. Grants have allowed us to print Physics Now and m ore recently, volum e 2 of
Connecting Research in Physics Education with Teacher Education. This work was undertaken
in Delhi. Copies are available on request from the author.

Website: The Commission’s website is currently being maintained by Dean Zollman, Secretary
ICPE at Ka nsas State University Physics Edu cation Research Group website [13]. All [IPCE
publications and comm ission reports to [UPAP are available at this site . The site mainta ins a
record of the statistics of hits. These indicate the interest in [CPE publications continues to be
high.

Working Groups: The commission’s meetings on the sidelines of ICPE conferences provide a

valuable occasion form embers to m eet, and motivate creation of networks of talented

individuals and experts from across the world. S elf-organized working groups have from time

to time been actively engaged in furthering our m ission objectives. T he focus has variously

been on

e Collection of information about physics teacher education degree programs at various

universities around the world. (Talisayon — chair, Alarcon, Luo, Pietrocola). T he
preliminary report of the study was presented at the ICPE 2006 conference in Tokyo as
a plenary talk.
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¢ Increasing participation of school teachers in physics education meetings (Pietrocola —
chair, Zollman, Schlichting, Dissanayake). As a result of the effort s of this group, for
the first tim e at an ICPE conference, a work shop titled School Teachers’ Session was
organized at ICPE 2006 Conference in Tokyo wherein specially invited school teachers
from Japan, Brazil, an d Korea ex changed their experience and ideas on Physics
Education. The par ticipating tea chers were encouraged to explore the possibility of
establishing an intern ational network am ong school teachers. The plan is to contin ue
this effort by organizing special events for school teachers at each conference.

e Collating publications on physics education research (Jolly — chair, Zollm an). The
group aim s to identify select resources  of sem inal im portance for use by physics
educators worldwide and the best mode of  dissem ination. Efforts are underway to
collect and make available the earliest ICPE publications in electronic form.

e State, Standing and Recognition of Physics Education Research around the World
(Lambourne — Chair). Based on comments by several m embers of the comm ission on
the dismal standing and support for physics edu cation research in several countries, the
commission is looking forward to collect ing data that can form the basis of
recommendations for policy change.

Links to Scientific Bodies and Groups: As part of policy, ICPE has proactively fostered and
strengthened links to many different organiza tions, groups and societies devoted to physics
education, m athematics education, and m ore generally, science education — both global and
sometimes regiona 1 in char acter — with aims w  holly or par tly ide ntical to th ose of our
Commission.

* UNESCO: The ICPE 2008 m edal was awarded to UNESCO to honour the proactive
relations with UNESCO since the inception of the commission. A UNESCO official is an
associate member of the comm ission. It has co ntinued to fund the pub lication of the ICPE
Newsletter since it was first launched. Particul arly rewarding has been the cooperation in
organizing the World Conference on Sustainable Development (W CSD) at Durban in
October 2005 and collaborative efforts in implementation of the action plans that have led to
organization of several Active Learning Workshops in the developing world.

* GIREP: Groupe International de R echerche sur I' Enseignement de la Physique (G IREP),
the International Group for the Advancem ent of Physics Teaching, is a strong partner. In
several conferences and sem inars of this group, ICPE members have been given m ain roles
in th e p lanning. ICPE and GIRE P executives keep each other well inform ed about th e
activities of respective bodies. Whenever the opp ortunity arises, the President of GIREP is
invited to participate in the ICPE annual meetings. A task group has for sometime now been
exploring areas of further collaboration in addition to organization of conferences.

* EPS: The European P hysical Society (EPS) along with GIREPisam  ajor force in
advancement of physics teach ing. The organizations have co llaborated often in spon soring
conferences on Physics Education and also invited ICPE to join in the endeavour; ICPE is
represented at these events by sev eral members. One of the ICPE commission m embers is
also the current chair of the EPS Physics Education Division while another is member of the
board. At the GIREP conference in August 2008 at Cyprus, a special session was devoted to
discussing closer cooperation between various organizations, especially the EPS-PED.

« EUPEN and STEPS: Although the European Educa tion Network (EUPEN) ha s now
ceased its activities, the follower STEPS (Stakeholders Tune European Physics Studies) and
ICPE remain in close contact.

* AAPT/APS: The Am erican Association of Physics Teach ers (AAPT) and the Am erican
Physical Society (APS) are lead international players with well established programmes and
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practices th at are exem plary. At th e tertiary level, the US has one of the m  ost vibrant
physics education research programmes. The membership base is enorm ous and any
outreach to physics edu cators or research ers mu st necessarily draw on the expertise an d
resources a vailable within this m ass. Personal links betw een ICPE m embers and these
organizations make it easy to keep inf ormation channels open. Several synergetic activities
are on the anvil. ICPE is exploring the possibili ty of an ICPE conference in US dovetailin g
an AAPT Summ er meet for enhanced global pa rticipation. The suggestion em anates from
the historic success of ICPE 1995 at Univ ersity of Maryland, College Park which
successfully leveraged this model.

ASPEN: The Asian Physics Education Network  (AsPEN) was establis hed in 1981 on a
recommendation of UNESCO in order to contri  bute towards the ov erall dev elopment of
university Physics Education in the Asian region During the first phase, the ASPEN
activities focused on projects for developm ent of equipm ent, curric ulum and text books,
audio visual material, and research and eval uation on a national, regi onal and international
level. However, since 1991, the em phasis ha s been on organizing Active L earning
Workshops on Physics Education per se including a variety of themes in member countries.
Several of the Asian mem bers of the comm ission have also served as national points of
contact and the execu tive board of AsSPEN. They have contributed tow ards organization of
Active Learning W orkshops in the region. To stre ngthen links, it has al so been practice to
co-opt a member of ASPEN as an associate member of the commission.

LAPEN: Commission members from Latin America took the lead role in the creation of the
Latin-American Physics Education Network (L APEN), ta king inspiration from sim ilar
networks throughout the world. The m  ain object ive was to coordinate projects and to
establish links between existing groups working on Physics Education in different countries
of the region. LAPEN today is a vibrant ne twork that regularly organizes workshops,
conferences and also brings out an online jo urnal twice a year. To further strengthen the
bonds with LAPEN and physics education in th e region, ICPE will organize in ternational
conferences in Mexico in 2011.

ESERA: The European Science E ducation Resear ch Association (ESE RA), although not
specially established for physics, is very active and organizes conferences on a regular basis.
Better coordination is required to avoid overlap of events to the d  etriment of interes ted
participants.

IUPAP Working Group on Women in Physics: This Working Group was formed by
resolution at the [UPAP General As sembly at A tlanta in 19 99 in r esponse to the felt need
for increasing the participation of wom en in physics. Since then, three [UPAP sponsored
International Conferences on W omen in Phys ics have been held at Paris 2002, Rio de
Janeiro 205 and Seoul 2008. ICPE has been a strong proponent of the resolutions emanating
from these conferences which have all been formally adopted by [UPAP. ICPE conferences
ensure inclusion of wom en in programm e c ommittees, am ong invited speakers and
participants. Organizers are also encouraged to devote a session on issue of gender equity
and physics education pedagogies and curricula that help rete ntion of wom en students in
physics.

IUPAP Commission 13: Established in 1981, Comm ission on Physics for Developm ent
came into being to promote the exchange of information and views among the mem bers of
the international comm unity of physicists in the general fiel d of physics for developm ent.
The mandate is to help in appropriate ways the im provement of conditio ns of physics an d
physicists in developing countries; to propos e and if appropriate, support initiatives to
contribution of physics to indus trial developm ent; and to coll ect and distribute relevant
information on opportunities for Physics Devel opment. In the galaxy of physics dom ain
based comm issions of [IUPAP, C13 and C1 4 being general commissions are the two
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thematic exceptions. However, seen as crucia 1to growth of physics, both are especially
supported in many ways. An ICPE comm ission member is a liaison m ember to C13 annual
meetings. This synergy has b een particularly useful in  understanding the needs of
developing countries.

World Conference on Physics and Sustainable Development

As part of the International Year of Physics (IYP) celebrations, [UPAP, UNESCO, The Abdus
Salam International Centre f or Theoretical Phy sics (ICTP) and the South Af rican Institute of
Physics (S AIP) cam e together to orga nize the unique World Conference on ~ Physics and
Sustainable Development (WCPSD) from 30 October to 2 N ovember 2005, at Durban, South
Africa. This conference was different as it was vi sualized as the starting point of a long term
world-wide initiative. The organizers identified that if physics is to im  pact sustainable
development, there is need to understand and su ggest action plans for the coming years in four
critical areas, nam ely, Physics Education, P hysics and Econom ic Developm ent, Energy and
Environment, and Physics and Health. Pratibha Jolly as Chair of ICPE and Priscilla Laws were
invited to co-chair the physics education segm ent. The Secretary of ICPE, Dean Zollm an,
joined the efforts as a key member of the Planning Committee that also included the UNESCO
representative Minella Alarcon, Program Officer in charge of Basic Sciences at UNESCO and
Associate Member of ICPE. Judy Franz, Secret ary General of IUPAP and key motivator of
WCPSD played a proactive role in shaping the segment.

Physics Education Goals: One of the m ajor concerns was to involve those in developing
countries and help strengthen physics education in culturally relevant ways, determ  ined and
sustained by local initiatives. The Planning Group identified th rough its own network potential
participants, especially from the developing countries. This stakeholder group joined an
electronic forum to exch ange views on the specific issues to address, themes for invited talks
and breakout discussion for ac  tion planning. Vibrant discussi ons led to identification of
guidelines for action planning. It was decided to limit focus to the improvem ent of physics
education at the secondary level as well as at the university level for future physics teachers in
both primary and secondary schools. Further, it was decided to set up working groups at the
conference to identify the common denom inator of problems and suggest how best to prom ote
basic physics teaching that is enhanced by the use of locally developed examples, assignments
and projects that that are familiar to teachers and their students.

WCPSD Action Plans: The WCPSD concluded with the formulation of specific action plans:

1. To give ed ucators and students in develop ing countries access to high quality physics
education resources by establishing a website and Physics Education Resource Centres in
Africa, Asia and Latin America.

2. To develop supplem ental instructional m aterials for secondary physic s courses that help
students understand how the m astery of physics ¢ oncepts can enable them to contribute to
sustainable development in their own countries.

3. To develop model workshops for teacher-train ers in Asia, L atin America and Africa that
exemplify how active learning methods can be adapted to help meet the needs of students in
developing countries.

4. To establish a structured multi-disciplinary mobile science community that provides support
tom obile science prac titioners, enab led by a web and internet site at
www.mobilescience.info hosted by the Institute of Physics (UK).

There was a sense of gratification as the conference had succeeded in creating a fairly inclusive
stakeholder network. Feedback showed the Physics Education segment to be most participative
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and imm ensely successful. There was also trepid ation as th e task assigned was daunting in

challenge. The IUPAP endorsed these action plans at the m eeting of its Council Chairs and

Executive Council held at Institute of Physic s, London in February 2006. The planning Group

was given the mandate of implementing the W CPSD action plans 1 to 3. Institu te of Physics,
UK, took charge of implementing the last recommendation.

IUPAP Resolution on Active Learning and Hands-on Education

In furtherance of its commitment to the W CPSD action plans, IUPAP constituted a committee
that included the Chair of ICPE to draft a resolution on importance of active learning, hands on
education and laboratory work. This reso lution was unanim ously adopted at the 26 ™ General
Assembly held in Tsukuba, Japan, in October 2008. It states that:

The International Union for Pure and Appl ied Physics (IUPAP) urges that National

Governments, Physical Societies, F unding agenci es, Physicists, and Phys ics educators in all

countries

e support best practice of physics education and phys ics education research at all levels by
encouraging teaching methods, including laboratory work, that actively engage the hands
and minds of learners.

e make available funds for establishm  ent of well equipped laborat ories and designing
appropriate curricula that lay particular emphasis on teaching the skills of the experimenter.

e support indigenous development of low-cost instruments, physics apparatus and equipm ent,
and — when finances allow it — com puter-based data-acquisition system s for real-tim e
measurements at the appropriate level of sophistication for a va riety of uses in teaching of
physics in the classroom and the laboratory.

e support curricula that teach phys ics with an appropriate dive rsity of m ethods, including
hands-on approaches, that enc ourage critical thi nking and help students understand how
physics is relevant to their local cultures and to a sustainable future for humankind.

To help give effect to the resolution, the General Assembly also supported the suggestion of its

International Commission on Physics Education that

e special sessions be organized on educational aspects of hands-on learning, experimentation,
and appropriate assessment, in discipline specific conferences of the [IUPAP commissions.

e multinational collaborations and workshops be organized for design and develop ment of
resource material for activ e learn ing and la boratory work; and further, dis  semination
through professional training of physics educators.

e clectronic resource cen tres be es tablished for exchange of ideas abou t local initiatives,
teaching m aterials, prototypes of “hands-on” e quipment, in particular those that can be
locally adap ted for construction by the teach ers and their s tudents, to serve a variety of
educational needs in diverse cultural contexts.

The adoption of this resolution is a m ilestone that recognizes the im portance of adopting best
practice in physics education and reiterates the urgent need to give a boost to physics education
if research in physics is to thrive. In tune with the changes it has identified, the commission has
on its future agenda activities that would pr ovide, on one end support to school teachers, and

the other, bridge the gap between the researcher in physics education and the physics specialist.
To this end, an im portant suggestion that IC PE made was that all [UPAP Commissions should
have on agenda Physics Education issues in their forthcoming conferences and discuss how the
Commission specialities could be taught in school s and universities. In these deliberations, it

was suggested that researchers in Physics Education could also be invited to present their way
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of thinking and their w ork in context. It also made a plea for exploring the im plications on
teaching of the g rowing interdiscip linary natu re of physics and the changing profile of the
physics student. These concerns could also be taken serious note of by the teaching community
and professional bodies in member countries.

Promoting Active Learning

A concerted effort has been made to implement the WCPSD Action Plans by all the sponsoring
organizations and key players. W orkshops to promote Active Learning have been on top of the
agenda.

ALOP Workshops: W ithin the f ramework of the UNESC O program for basic sciences, an
international team of resource persons, led by Minella Alarcon, Program Officer in charge of
Basic Sciences at UNESCO, has wi th increasing frequency organized numerous workshops on
Active Learning in Optics and Photonics (ALOP)  in various developing countries such as
Tunisia (March 2005); Morocco (Cadi Ayyad University, Marrakech, April 2006); India
(Miranda House, University of Delhi, Nove mber 2006); Tanzania (Dar Es Salaam University,
July 2007); Brazil (U niversidade de Sdo Pa ulo, July 2007); Mexico (Leon Guanajuato,
November 2007); Argentina (2008); Mozam bique (2008), and m any more. The week long
workshops designed for teacher trai ners from developing countries on a single t opic area with
capstone applications — in this case, at mospheric physics and photonics — use active learning
materials with low-cost equipment. A training manual has been developed. The material is well
structured. The manual has been translated in other languages to wide n outreach. The end-of-
unit topics motivate teachers and th eir students to learn basic physics in order to understand
new areas o f science an d techno logy that are h ighly valued in th e global economy. These
workshops serve as a paradigm for efforts to pr omote the educational go als set by participants
at WCPSD throughout the world [14].

The PHYSWARE Workshop series: As a direct follow-up to the WCPSD ma  ndate, Co-
Chairs Pratibha Jolly (India), Priscilla La  ws (US) along with comm ission m embers Dean
Zollman (US) and Elena Sassi (I taly) proposed the idea of organi zing a series of E ducate the
Educator w orkshops to improve the quality of t eaching at the tertiary level. Thus cam e into
being Physware: A collaborative workshop on low-cost equipment and appropriate
technologies that promote undergraduate-level, hands on physics education throughout the
developing world. As Physware promises to be am ongst the most important activities of ICPE
in the coming years, the workshop is described in some detail.

The first Physware was held at ICT P, Trieste, from 16 to 27 February 2009 with above listed
four as co-directors and Joseph Niem ela from ICTP as local co-ordin ator and facilitator. For
obvious reasons, teaching of Newtonian Mechanic s was chosen as the them e for the first
workshop. In addition to the ICTP publicity ne twork, a concerted attempt was m ade by the
directors to outreach physics education comm unities by distri buting the works hop poster at
several physics education events across th e world, posting it on pertinent websites and
newsletters such as that of the Commission. A record num ber of more than 200 applications
from 48 countries were received, posing a chal lenge to selection. Rigo rous scrutiny enabled
selection of 32 participants from 27 countries spread across Africa, Asia, Latin America and
Europe. The participants represented a m ulticultural but eclectic group of extrem ely talented
and innovative physics teachers, teacher-trainers and adm inistrators — so me bearing multiple
responsibilities — with dem onstrated potential for assum ing lead ership role in dissem ination
activities and organization of similar workshops.
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The two week workshop (with10 working days) was structured to have four blocks of one hour
forty five minutes on each day. Additionally, seven days included a two hour post dinner block
to accommodate poster sessions  and special discussions. The  participants were given an
exposure to physics education re  search based concept tests, diagnostic tools and learning
cycles that promote active engagem ent in the context of teaching -learning of kinem atics and
dynamics. The first week activities, focused on laboratory work and class activities based on
using no-cost and locally available low-cost materials, witnessed developm ent of several
innovative measurement set ups and procedures. For instance, different length pendulums were
used as clocks to m easure time in arbitrary units and m ahogany flower pendulum was used to
study damping. Later the ubiquitous cell phone provided a conveni ent mechanism for accurate
measurement of time. In the s econd week, the participants were given a rigorous exposure to
appropriate technologies and co mputer-based measurement using motion sensor, force sensor
and photogates. Powerf ul video ca pture and data analysis tools were used to analyze video
clips of interesting motions such as that of a basketball thrown by a player in action. A session
was also devoted to how sim  ulations can be integrated into a lea rning cyc le to enhance
conceptual learning.

The touchstone of Physware was collaborative work on proj ects. This generated a vibrant
atmosphere sim ulating an ef fective active lea rning enviro nment that can be rep licated for
students. As an illustrative example, one of the projects evaluated effectiveness of two different
technologies, use of video capture and timing devices, to measure the time of free fall. Some of
this work was refined later for publication.

Evening discussion sessions spanned a wide range of topics. For instance, the issue of under
representation of women in physics was discusse  d. Participants shared inform al statistics,
country reports, personal experi ences and successful initiatives to reverse the trend. Issues of
multicultural and m ultiethnic classroom followed s natural extension. Another hig hlight was
creation of a Physware Discussion Group and a Blog. Th is was in ad dition to th e Physware
Workshop site at the IC TP portal and the W iki created by the directors. The participants were
quick on uptake and throughout the workshop used the sites for exchange of inform ation,
resources and discussion on several threads.

An important development was that Director IC TP K Sreenivasan rem ained proactively tuned
in and spent a lot of time interacting with the participants, formally and informally. He listened
carefully to the problem s of physics education in developing countries and the need for ICTP
to initiate p rograms in the area. Th e participants functioned well as an advocacy group and
urged ICTP to continue support to  Physware and further, f acilitate a w eb-based sy stem that
would enable the form ation of a Physware community of practice. This was seen as a critic al
requirement for participants to continue th e collaboration forged at the workshop while
working in their respective countries.

The workshop successfully established a primary network of outstanding physics teachers from
developing countries w ho have an overview of validated best practices in phys ics education.
These educators expressed enthus iasm about sharing their know ledge of active learning using
low-cost m aterials and em erging technologies and finding solutions to regional and local
physics education problem s. Since then, several  participants have taken a lead role in
organizing active learning workshops in their region.

It was felt that the initiative can be sustaine d and im pact physics education only if it is
institutionalized. ICPE was seen as the appropriate stakeholder to take the lead role. In October
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2009, the President of [IUPAP — acti ng on behalf of ICPE — and th e Director of ICTP signed a
Memorandum of Understanding for a five y ear action plan. Under this, five annual Physware
workshops will be org anized, with a developi ng country and ICTP Trieste alternating as
venues. Further, ICTP will maintain a website to facilitate formation of a Physware Community
of Practice to strengthen local and regional outreach of participants. This will also be a unique
resource site for physics educators. Subsequently, the commission at its meeting suggested that
future ICPE Conferences could dovetail suit  ably designed active learning workshops of
duration ranging from three days to one week, taking advantage of the resource expertise at
conferences.

FUTURE

It is well recognized th at problems in education run deep. Solutions have to be in consonance
with national policies and identifi ed needs. Change is em bedded in socio-political and cultural
contexts. Given the diversity of educational sy stems even within a single country, given the
enormity of scale, building a global community of practice and mainstreaming innovation is an
uphill task. Frequently questions are rais ed on how international th e international cooperation
is. Yet, it is indeed possible to identify the common denominator of global concerns on physics
education that mandate international linkag es, creation of advocacy and action networks, and
collaborative projects for prom ulgation of best pr actices tuned to regional and local needs. As
more and more developing countries em  erge from relative isolatio n, in an increasingly
interconnected world powered by social m edia and advanced communication technologies,
there will be paradigmatic shifts in how physics will be taught to the coming generations. New
directions of research into how students learn and how they are best taught will open. Creating
acritical m ass of educators wh o can keep  abreast with rapid change and contribute
innovatively will be th e fore most challenge. A 11 this will require redefining the idea of a
conference and laying greater emphasis on capacity building programs in interactive mode.

As ICPE celebrates a journey of fifty years, it is with collective pride that we note how far we
have com e. ICPE has faced m any challeng es and converted them into opportu nities. The
French hosts have graciously dedicated the la st session of the conference on 27 August to
celebrating the 50 ™ anniversary of ICPE, springing ce  remoniously a surprise cake. The
effervescence of cham pagne at Reim s still with us, we now look forward to rais ing many a
toast in the com ing decades as w e set new m ilestones for ourselves and create an ever
increasing circle of co llaborators and international friends to achieve our goals. A nd set new
benchmarks for our mission accomplishment.
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MECHANICS MULTIMEDIA REVIEWS -Report and recommendations on
available multimedia material

Raimund Girwidz (Ludwig-Maximilians-University Munich) &
Bruce Mason (University of Oklahoma)

Abstract

Since 2002 an international working group fr  om the MPTL association (Multim edia in
Physics Teaching and Learning) has evaluated multimedia websites. Every year the focus is
laid on another branch of Physics. Every six y ears a new round starts. This talk is about this
year's review on Mechanics m ultimedia sites. Areas of interest are new trends, th e resources
as such, and also to give best practic e examples how to apply multimedia. So, the outcome of
the review process has two m erits. First, th ere are recom mended websites that can enrich
lectures on Physics. Second, m ethods and best practice examples are collected, showing how
to use multimedia for learning. Some characteris tics will be specified an d related to theories
of multimedia learning.

1 Introduction

MPTL is the abbreviation of "Multimedia in Physics Teaching and Learning" and stands for a
conference group that deals with the challenges posed by the use of ne w multimedia learning
tools. Since 2002 an international MPTL work  ing group has evaluated m ultimedia sites.
Every year the focus is laid on another branch of Physics. Every six years a second round gets
its turn. Summaries of the annual reports ar e available at the website: www. mptl.eu. This
year's review is about Mechanics, for a second tim e. The first part of this paper describes the
review process and the results. Of interest are new trends, the resources itself, and also to give
best practise examples how to apply multimedia.

Multimedia is a too 1 (among others ) to promote learning. However, th ere are m any factors
that can becom e relevant. In order to extend our knowle  dge about the learning with
multimedia it makes sense to characterize special benefits and to have best practice examples
that can illustrate how theoretical considerations can be applied. The second part of this paper
is to support the latter objective.

2 The review process

A link list of websites was collected by Bruce Mason (University of Oklahoma) and students.
Especially included in the re ~ view process were the MPT  L-list from 2004, a list from
MERLOT, the ComPADRE Digital Library, Didattica, Multimedia Physik and Web Searches.

About 180 web sites were found, with an av erage of §to 10 learning objects each. A
preliminary screening considered the use of m  edia and the topic. Only non-comm ercial
material was reviewed. On one hand, this is alim itation to som etimes not so polished

programming techniques. On the other hand, te achers and students can use the m aterial for
free. This goes in line with the idea of ope n education is accom panied by the pos sibility for
using the m aterial for free. Furth ermore. this is an inte resting resource of new ideas f rom
mostly academic stuff about how to present Physics.

Finally 84 web sites were reviewed. The collec tion and the electronic review process were
hosted on the Physical Science Resource Center (PSRC).



The evaluation focused on different fields and aspects (see Tab.1). Each item was assessed on
a Likert-scale with 5 grades and, as need ed, a free-text review  response. Finally a
summarizing assessment was given.

Table 1: Items of the rating sheet.

Is it easy to start using the MM?

Are the design comprehensible and the image quality

User-friend- satisfactory?

liness - -
Is the function of control elements evident?

Are the software requirements clear and of adequate proportion?
Is the layout appealing?

Is there a motivating introduction?

Are there interactive components?
[s the topic interesting (reference to everyday life, applications,
explaining a phenomenon)?

Motivation|Attractiveness:

Is the MM up-to-date / innovative?
Clear Is the intention of the MM evident?

description of [Does the user know what is expected from him?

purpose and
work [s there a problem to solve or a context to understand?
assignment

[s the topic important?

Relevance Does it make sense to use the MM (e.g. problems in
understanding, dynamic process)?
Content [s there a profoundness of content?
Scope

[s there a broadness of content (special case, general overview)?

Is the content of the MM correct?

Correctness Are simplifications indicated?
Is the MM appropriate for a broad target group (incl. self-learning)?

Elexibilit Is it possible to use the MM in different teaching and learning sit.?

y Does the MM allow for the same topic to be approached in
different ways?
. Is a reasonable didactical reduction implemented?

Matching to - -
Are technical terms explained?

target group

Are the objectives appropriate?

Method Is the general approach suitable to present the subject and realize

Realization Jaims of the given MM?

Is the type of MM chosen reasonable (video, simul., animation)?

Is the operation obvious or explained?

Documen-  |[Is the material self-evident or explained by additional text?

tation Is there a reference to material for further studies?

Any suggestions for implementation into teaching process?

nn

The first p art focuses onthe as pects "us er-friendlyness", "attractiveness", an d "clear
description of purpose and work assignm ent". The second part looks at the content, with the



nn

subcategories "relevance", "scope", and "corr ectness". The third part is about the methods,
with the aspects "flexibility", "matching to target group", "realization" and "documentation".
The reviewers were m ainly the colleagues of th e international advisory board of MPTL (see
www.mptl.eu).

The second evaluation, the MERLOT (Multim edia Educational Resource for Lear ning and
Online) peer review used similar criteria, although they were not summarized under the sam e
headlines. T he categories are nam ed: "Quality", "Potential Learning Impact", and "Ease of
Use".

There were only little differences between both groups of reviewers about the highly
recommended sites. Those sites which were highly ranked from both groups will be presented
here.

3. Results

At first, some general remarks are listed, to sketch the variety of materials.

a) Most of the m aterial is about standard topics of Mechanics (e. g. kinem atics, dynamics,
harmonic oscillators).

b) A few sites offer a complete program for Mechanics, based on lectures. Most of them are
still widely text based (html-text books).

¢) On the other hand ther e are more or less iso lated simulations, interactive tutorials, video
clips and virtual labs. They use new ideas for teaching, however, th ey are deal with
isolated topics, and not jet embedded into a comprehensive learning environment.

d) There are some sites dealing with special topics like b aseball. This sites u se Physics to
explain the theoretical bac kground of the topics. However a system  atic learning of
Physics is not the main interest of these authors.

e) There is no general standard for the design of websites. — We have to live with individual
styles and user interfaces.

f) Just like in the report from 2004, we have to state that only a few sites offer suggestions
on how to implement the material in teaching and learning processes.

g) Concerning trends, a new shooting star is  video. However, video collections do not yet
belong to the highest ranked sites. Also here in most cases an embedding into an adequate
learning environm ent is not performed. (Som e of the new features for learning will be
discussed in chapter 4).

h) To deal with the variety and to administrate the widely distributed material, special search
engines are needed, offering al so individual administration tools, to collect, combine and
supplement the material for teaching. (One option is: http://www.compadre.org/psrc/.)

Recommended resources

(See also the summery from B. Mason on www.mptl.eu.)
The following resources received ex cellent ratings from both reviews. The first tw o of these
resources received top reviews in 2004 as well.

Introduction to Chaos and Nonlinear Dynamics:

T. Kanamaru, Kogakuin University, and J. M. T. Thompson, Cambridge University.
http://brain.cc.kogakuin.ac.jp/~kanamaru/Chaos/e/

This web site contains a wide range of simulations of non-linear system s, including
applications of Chaos theory to m odel oper ation of the brain. The simulations are very
professional and they include descriptions of  the system s that are s tudied. There are also
images and videos of non-linear systems with many links to other pages on chaos theory. This



material is s uitable for univers ity students. It w ould be im proved by having m ore teaching
examples and problems for students.

The Pendulum Lab:

F.-J. Elmer, University of Basel.

http://www.elmer.unibas.ch/pendulum/index.html

The Pendulum lab by Franz-Josef EIm eris an extrem ely thorough investigation of the
dynamics of a pendulum. It covers the topic fr om the simple pendulum to the chaotic motion
of the damped, and a driven pendulum . It includ es simulations, reference text, and exercises
for the student. Virtual experi ments can be performed with background information provided
by an extensive set of hyperlinked notes that explains the theory of the system. This material
can be used for a wide range of student levels, although much of the material is best suited for
advanced undergraduate and graduate students.

PhET - Motion:

PhET Research Group, University of Colorado, Boulder.
http://phet.colorado.edu/en/simulations/category/physics/motion

The PhET resources were recomm ended in last year’s review of Optics and W aves, and the
same comments a re app ropriate for the m aterials in Mecha nics. The PhET simulations are
strongly grounded in research on how students interact with and learn from multimedia. These
simulations are des igned to create a realistic vi rtual environment that encourages learners to
interact and explore. There is only very basi ¢ guidance on how to operate the sim ulations to
encourage student-driven exploration. The physics topics and potential learning goals for each
simulation are listed and m any si mulations include exam ples of learning activities, clicker
questions, and virtual labs. A new feature is  a rating s cheme for these teach ing examples.
There are 17 different simulations in mechanics covering topics from kinematics and graphing
to energy conservation and torque. One drawb  ack of these resources is that there are no
indications of the physical models being used for these simulations or definitions of terms.

Open Source Physics:

Presented by W. Christian & F. Esquembre

The OSP  Collection provides cu rriculum resources that e ngage students in physics,
computation, and computer modeling. Computational physics and computer modeling provide
students with new ways to understand, describe, explain, and predict physical phenomena.

On the one hand OSP can bring you back to the roots of m odeling Physics by writing a
computer program in Java. But with a fantastic library of routines and especially by the e js-
environment it is made easy to produce attractive applications.

On the other hand there are alrea dy a lot of attractive applications also with explanations and
remarks how to use the m aterial in lessons. And, according to the open source concept, there
is always the possibility to see the theoretical background and to adapt a program if needed.

The next materials mostly received very good ratings from reviewers, although for some there
was some disagreement between the MERLOT and EUPEN reviewers . These reso urces can
be grouped into two different categories: a) Multim edia-Enabled Tutorials, b) General
Resource Collections.

a) Multimedia-Enabled Tutorials:

Contextual Physics:

Department of Physics, Chinese University of Hong Kong
http://resources.edb.gov.hk/cphysics/main/main_e.html



The site has two tutoria Is motivated by real-world question s and activities to expla in them.
The launching of a rocket is used to introduce concepts of force and Newton’s Laws, and
highway crash barriers are used to introduce concepts of energy and energy conversion. The
tutorials use student activities, videos, flash animations and text explanations. These materials
have an emphasis on contextual learning for hi gh school s tudents. The quality of the videos
could be higher. There are also restricted m aterials available to registered teachers that could
not be reviewed.

Aeronautics Resources:

NASA Glenn Research Center

http://www.grc.nasa.gov/WWW/K-12/aerores.htm

This web site offers a lot of tutorials about physics applications connected to aeronautics and
aerospace research. This includes a Beginner’s Guide to Aerodynam ics, a Beginner’s Guide
to Propulsion, a Beginner’s Guide to W ind Tunnels, and other topics. The breadth and depth
of the m aterial is outstanding. The range goe s from basic inform ation about operation of
airplanes to interactive sim ulations of flui d dynam ics. The site of fers illu strations and
activities for students of different grades. Th  is is a com prehensive learning resource on
aeronautics. The only p otential drawbacks of this site is th e navigation system, because you
can quickly slip from introductory to very challenging m aterial, and there are some of the
applets and pages that look a little bit dated.

Physics Classroom:

Tom Henderson, Glenbrook South High School

http://www.physicsclassroom.com

This is an extensive tutorial website covering most topics in introductory physics. The tutorial
material is easy to r ead and use. The available multimedia includes animations, shockwave
simulations and student explorations, audio-enabled problem solving, and interactive quizzes.
All of the m aterials are organized in a very cl ear format. This web s ite will be useful for
physical science classes as well as a supplem ent to trig.-based physics classes because of the
emphasis on conceptual understanding.

Web-Based Pre-lectures:

Ilinois Physics Education Research Group
http://research.physics.illinois.edu/PER/prelectures.html

HippoCampus: Monterey Institute for Technology and Education
http://www.hippocampus.org/Physics

These are two very sim ilar resources using q uvality Flash media as pre-lectu re resources fo r
introductory physics classes. The basic goal of th is work is to provide new approaches, in
addition to textbook reading, to help students prep are for classes. The topics from the course
are broken into 5 or 10 m inute presentations av ailable for the studen ts to use as needed.
Questions are included in the  presentations for the students to judge th eir understanding.
These web sites ar e not par ticularly inte ractive or student-centered, but they can provide
important background information.

b) General Resource Collections:

In past reviews several broad resource collections of interac tive learning objects have been
highly recommended. Three of these were also recommended this year, although not as highly
as in the past. It seems that there is a tendency, among reviewers and users, to prefer learning
environments that contain a full program  (from general infor mation and background, over
hard core Physics to high tech applications).



NTNUJAVA Virtual Physics Laboratory:

Fu-Kwun Hwang, National Taiwan Normal University

http://www.phy.ntnu.edu.tw/ntnujava/

This is an extensive web collection of interactive java simulations, each available with a short
explanation and description of the physics ba ckground. This site has a unique bulletin board
interface to encourage comments and suggestions from users.

Java Applets on Physics:

Walter Fendt

http://www.walter-fendt.de/ph14e/

This applet collection includes  about 20 resources on to pics in m echanics. E ach applet
includes controls to change all of the physical parameters in a system. Each of them is part of
a web page with a clear explanation of the operation and physics of the applet.

Dynamical Systems JAVA Applets:

Robert Devaney, Boston University

http://math.bu.edu/DYSY S/applets/

This collection of applets was created to suppo rt courses on chaos, fractals, and non-linear
systems. These are designed to supplem ent a series of textbooks with learning activities on
dynamical systems. The applets ar e aimed at grades 7 — 12 and include activities to engage
the students in exploration.

4. Special features and perspectives for learning

INlustrated by best practice examples from the reviewed sites, we will now look at theoretical
consideration about m ultimedia learning and co nnect to som e findings from psychology of
learning.

Definitely, multimedia is only one tool to prom ote learning and there are m uch more factors
that can becom e relevant. Thus, it m akes sense to focus on the m ost relev ant asp ects th at
characterize the streng th of m ultimedia learning. According to Weidenm  ann (2002),
multicoding, intera ctivity, and m ultimodality describ e spec ial f eatures of inf ormation and
communication structures. They open up new wa ys for teaching and learning, and the term s
will now be illustrated by examples.

A) Multicoding means to use dif ferent kinds of representations — in this exam ple, different
methods for describing motions (see fig. 1 and fig. 2).
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Fig. 1: Different ways to describe the same motion
http://buphy.bu.edu/~duffy/semester1/c02_multiple.html (20.8.2010)

Using various form s of representations, that fo cus on different aspects, can help to im prove
cognitive flexibility. "Cognitive f lexibility" in cludes the ability to  restructu re existing
knowledge accord ing to the dem ands of a gi ven situation (Spiro & Jehng, 1990). Thus, a
knowledge ensem ble can be constructed and ta  ilored to the needs of a problem  -solving
situation, or to support learni ng and linking of new concepts (Spiro, Feltovich, Jacobson, &
Coulson, 1992). Cognitive flexibility helps to apply knowledge under various conditions in an
effective way.
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Fig. 2: Different graphical ways to represent the movement of a harmonic oscillator.
http://www.myphysicslab.com (20.8.2010).

B) Interactivity has two m ain aspects for learning: activation and feed back. Activation calls
for the right challenge and an exciting task. In this example one can experience what is shown
in the graph. The mouse pointer, respectively the car, has to be moved according to the graph



(see fig. 3). The motion of the mouse is registered and the data can directly be compared with

the given graph.
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Fig. 3: This simulation calls for a motion of the car according to the given velocity graph
http://webphysics.davidson.edu/physlet _resources/kinematics_tutorial/default.htm

(20.8.2010).

Interactive simulations can also give inherent feedback if they are com bined with a guiding
task. In the next example (see fig. 4) the posed problem is to create standing waves. The right
concept is to superpose a wave travelling to th e left with one going to the right. If the right

settings for the boundaries are chosen and with the right excitation a standing wave is created.

The feedback is “success” or “failing”.
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Fig. 4: An interactive wave machine. Excitations are created by mouse movements.
http://www.physikonline.net/spezial/wellen/programm_1d/wellenapp_jare.html (20.8.2010).

C) Multimodality — addressing several input channels.
A multimedia application presenting aural and v isual information activates dif ferent senses

and provides a m ore realistic and authentic ap proach. Mayer (1997) de scribed the combined

presentation of verbal and visual infor

mation as specifically helpful for inexperien  ced

learners. Mayer and Moreno (1998) outlined a split-attention-effect. Better learning results are



possible when verbal and visual infor mation are combined. The arrang ement of verbal and
visual components may lead to a better processing in the limited working memory (Moreno &
Mayer, 1999).

Strictly seen, multicoding, multimodality and intera ctivity describe superficial characteristics
of a user interface. They only set up the gen eral framework and the conditions. For the actual
process of learning they can have positive as well as  negativ e effects. For exam ple
multicoding can be he Ipful to open dif ferent approaches. On the other hand too many aspects
can also be confusing. Therefore further considerations are necessary to specify conditions for
learning assistance.

The next sections will present som e more examples and specify their po tential for particular
instructional intentions. At firs t, video clips a re used to sup port parts of a learning process.
Special intentions are: a) Exte nd visual perception, b) connect ab stract concepts to exam ples
from reality, c) assist "cognitive apprenticeship”, d) structure knowledge, e) illustrate process
oriented explanations, and f) play games with rules that are derived from laws of Physics.

a) Extending visual perception using video or animations

An interesting idea is to exte nd our perception and to illustrate what cannot be seen under
normal conditions.

At http://www.physikonline.net/filme/mpg_m3_scheinkr/foucault13.mpg a pendulum  is
filmed with a rotating camera — representing a rotating frame of reference. One can get an
impression of what is describe d by the term "Coriolis Acceler ation", respectively " fictitious
forces".

Another application is to "take a seat on a basketball" and fly with the ball on a trajectory into
the basket.

http://fearofphysics.com/Proj/betheball.html (20.8.2010).

Streaming video is com ing up com pared to 2004. Nowadays, video clips are m uch easier to
produce and use. Some reasons for that are the new technologies (non interlaced video), video
editor programs that are easy to operate, and free providers for video-sharing websites.

In this multimedia review, with the em phasis on the context of learni ng, collections of video
resources, such as m ovies or Flash anim ations, did not tend to receive “Excellent” or “Very
Good’ ratings. So far, in m ost cases these sites cover merely isolated topics or do not provide
ideally designed learning environments. However, there are many web sites with videos about
mechanics that can be used by teachers.

Some of the most notable video collections are:
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http://pen.physik.uni- High quality video and special topics
kl.de/medien/MM _Videos/index eng.html

http://livephoto.rit.edu/ Focus on video analysis for mechanics
http://www.iwf.de/iwf/default en.htm Large collection on many topics
http://groups.physics.umn.edu/demo/ Lecture Demonstration videos

http://www.upscale.utoronto.ca/Generallnterest/ | Short Flash tutorials and animations
Harrison/Flash/

http://phys23p.sl.psu.edu/phys_anim/mech/inde | Database of Flash animations of physical
xer _mech.html systems and experiments

(see also the report from B. Mason on www.mptl.eu).

b) Connect to real phenomena

Realistic videos can connect abstract cons iderations from Physics to real phenom ena.
Realistic scenarios can directly be related to other representations of Physics. An example can
be seen in fig. 6, respectively on the referred website. The motion of a harm onic oscillator is
described by using different m ethods. The course of m ovement is synchronized in different
forms, always indicating the relationship between the different kinds of representation.
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Fig. 6: Combination or realistic and abstract representations of a harmonic oscillation.
http://www.animations.physics.unsw.edu.au/jw/SHM.htm#yva (20.8.2010)

¢) From observation to conceptual understanding.

Fig. 7: A picture out of a video showing effects of perpendicular pokes on a rolling ball
http://paer.rutgers.edu/pt3/movies/bowlingball.mov (20.8.2010)



Video clips can play an important role to guide from observation to conceptual understanding.
Steps of well-directed o bservations can easily be repeated, and additio nal visual a nd aural
information can help to interpret the phenomena physically. The site from Rutgers (see fig. 7)
offers different videos to train observing and describing phenomena. Corresponding methods,
following the concept of cognitive apprenticeship, are described.

d) Structuring Physics - — with concept maps towards a knowledge network
A structured knowledge base is important for problem solving and should be taught from the
beginning. So, "Hyperphysics" has organized information in clickable maps. It makes it easier
to organize knowledge in a pictorial representation and to point out connections.
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Thermodynamics

© 2005 C.R. Nave

Geargia State Unwersily
Condensed
Matter,

HyperPhysics is hosted by the
Department of Physics and Astronomy

GeorpaState
Uniiversity

1 Seismic Wives|

Fig. 8: Maps to illustrate knowledge domains
http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html (20.8.2010)

De Jong & Njoo (1992) e mphasized that struct uring of knowledge and linking it to prior
knowledge are two important components of a learning process. Well structured and properly
organized k nowledge improves the access ibility and is als o im portant for problem -solving
(Reif, 1981). Charts, m ind maps and diagram s can illustrate relations, can help to analyze a
knowledge domain, and improve recognition of information (Beisser, Jonassen, & Grabowski
1994). From that point of view ("clickable") concept maps are of special interest.

e) Process oriented explanations with text and animated illustrations

Animated illustrations can help to  understa nd dynam ic processes. M ultimedia makes it
possible to offer them directly in combinations with written or spoken text. This m eets the
demands of spatial and temporal contiguity (Mayer, 2002) (see the website from fig. 9).



The Speed of the Running Surface

Below we show the velocities of points on the running surface of a curling rock
relative to the ice.

For the torus, the direction of the frictional forces was opposite the direction of
these velocities. However, the rotating rock tends to drag the layer of water along
with it. The data indicate that the directions of the frictional forces on the rock is
opposite the direction of the velocities relative to the water with which it is

in contact. Thus the direction of the forces in the previous scene are not

exactly as shown.

Select Points
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Fig. 9: An internet site with animations and simulations about curling
http://faraday.physics.utoronto.ca/Generallnterest/Harrison/
Flash/ClassMechanics/Curling/Curling.html (20.8.2010)

f) Games with rules derived from Physics laws

Laws of Physics wrapped up in rules of a game — this can be a good idea to utilize employ the
attractiveness of ga mes to m ediate an unders tanding of consequences that are bonded with
this laws. The "Lunar Lander" is anice ap  plication, already known from early years of
computer programming. Chabotspace had an intr oduction to a lunar lander gam e with clearly
defined rules - the Newton' s laws. Only af ter a presentation of these r ules the g ame started.
http://www.chabotspace.org/vsc/exhibits/lunarlander/lunarlander.asp (20.8.2010)

(Remark: Unfortunately this website was re built and the introduction was skipped, and only
the gam e is available. Nevertheless, the desc  ribed p rinciple is/was a nice ide a to of fer
Physics.)

5. Conclusion

In the internet we can find really ~ good and inspiring material for multim edia learn ing.
Nevertheless we need research and have to train, how to use it in the best way. For that intent
best practice examples have a double value: They are tools that can directly be used, and they
can put theoretical considerations in concrete terms.
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Stimulating scientific reasoning through explorations of simple experiments

Gorazd Planinsic, Faculty for Mathematics and Physics, University of Ljubljana, Slovenia
Abstract

Simple experiments with surprising outcomes can stimulate inquiry mind and create desire
for learning and knowledge. With carefully posed questions that ask for explanations and
predictions and guide students toward additional experimentation and observations, one can
create active learning environment in which students step by step build the coherent picture
about the physics and develop science related competences. This paper focuses on three
elements, spotlighting, staging and context that play important roles in maximizing the
benefits from simple experiments. Two examples of simple experiments are presented and
analyzed in the light of the three elements.

Introduction

Though there are ongoing debates on how large is the share and importance of experiments
in teaching, it is widely accepted that experiments are an essential part of physics education.
Traditionally the experiments in physics teaching are divided into demonstration
experiments and laboratory experiments but this classification does not communicate their
role in learning physics. In this paper we will focus on some important elements that must be
considered in order to maximize the learning role of simple experiments. The term ‘simple’
is mainly used to emphasize the simplicity of building and showing the experiment, hoping
to encourage teachers to use them in the classroom and students to make them at home. In
addition the term ‘simple’ may also indicate (but not necessarily) the contextual richness of
the experiment or setting, often meaning that the objects used are from everyday life of the
students. Note that ‘simple’ does not refer to the level of knowledge needed to explain the
experiment.

Simple experiments have been recognized as important in teaching physics from the very
beginning. Sutton writes in his famous book [1]:

“Simplicity (but not crudity) of arrangement and manipulation is paramount. Teachers often
avoid simple experiments, favouring those which require elegant and elaborate facilities.
...It might be stated ...that the experimental arrangement should be more easily understood
than the concept that it is designated to illuminate.”

How to go beyond mare excitement and how to get more understanding from simple
experiments?

Questions like this stimulated group of people (including the author of this paper), from the
EPS Physics Education Division, to start project called More Understanding from Simple
Experiments (MUSE). You can find more about MUSE, including materials that have been
developed so far, on the EPS PED webpage [2].
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When trying to maximize the learning benefits from simple experiments, there are several
elements to consider. Here we will focus on three important elements: spotlighting, staging
and context.

Spotlighting and staging

Terms spotlighting and staging were coined by L Viennot [3]. Spotlighting means focusing
on central content features that we want students to learn. Spotlighting requires a thorough
content analysis and the “cleaning” of the experiment from distracting elements — but
preferably not at the expense of reducing its context richness.

Staging means focusing on how to achieve the best learning outcome with a particular
experiment. Successful staging requires knowledge of learners’ common ideass, reasoning
and their ability to observe the experiment and to construct its mental representation. Clearly
spotlighting and staging are interrelated. In words from Viennot: the “what” and “how” of
teaching overlap. Spotlighting stands as an answer to “what” and staging to “how”.

Context

Perhaps the shortest reflection on this account was given by J. Ogborn [4] “A scientific
explanation is a story”. Later he adds “To tell any of the scientific stories successfully it is
necessarily to try to excite the imagination”. Often we can do it by placing the examples in
appropriate contexts. It is generally accepted that context-based material can engage pupils’
interest. The context in which the knowledge is learned is crucial in promoting the transfer of
knowledge, which means, developing the ability to apply knowledge learned in one situation
to a new problem or a situation. Therefore it is not surprising that active learning activities
are closely linked to context-based materials. The choice of a context has to be tuned with
the experiment and with the level of study. As Bennett puts it in her book “Teaching and
Learning Science” [5]:

“...the interpretation of the term ‘context’ evolves with the level of study from one
with a direct relevance to an individual’s immediate life and surroundings, to more
sophisticated illustrations of the contribution science and scientists make to society.

At the secondary level (age 11 to 19) pupils’ lack of interest in science is often
attributed to its remoteness from everyday life. However, at the primary level, it
would appear that what makes science attractive to pupils is its difference from
everyday life and the use of specialist equipment in specialist location”.

Finally, we should warn against over-contextualization. What one aims is to achieve a
balance between specific examples and the general principles.

In the remaining part of the paper we will describe two simple experiments and discuss them
in light of staging, spotlighting and context.



Two examples

Rubber balloon and Ideal gas law

Obtain an ordinary rubber balloon and a hand held bicycle inflator (see figure 1) that
contains a metal cartridge with compressed CO,. Measure the initial mass of the bicycle
inflator and the air temperature before performing the experiment. Inflate the balloon with
the bicycle inflator until the cartridge is empty. Measure the pressure in the balloon using a
gas pressure sensor (make sure no gas escapes) and again measure the mass of the bicycle

inflator.
M

Figure 1. Equipment needed to perform the experiment (from left to right): bicycle inflator,
CO; cartridge, balloon, precision scales, gas sensor and thermometer.

We measured four out of five quantities that appear in the ideal gas law: m-mass of the gas
(difference between the initial and final mass of the inflator), p-pressure, T-temperature (we
can assume that after several minutes the temperature of the gas in the balloon is equal to the
air temperature outside the balloon) and M-molar mass of the gas (we know the cartridges
are filled with CO,. Using the ideal gas law we can calculate the missing quantity, V,-the
volume of the balloon. Typical values of the quantities as measured in one of our
experiments and corresponding calculated volume are given in the table 1.

Table 1. Typical measured and calculated values for the balloon experiment

M = 44 kg/kmol

m=153¢g
p =102.3 kPa
T=2983K

V, = 8.4 dm’ (calc.)

If we want to convince the students that the ideal gas law correctly describes the relationship
between the five quantities we have to measure the volume in independent way and compare
the value with the one obtained above. Before doing this, ask students to judge if the result
that we obtained makes sense. Does it seem reasonable that the volume of this balloon is 8.4
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litres? Students can make visual comparison of the balloon and four 2-litre bottles of
beverage. The majority will say that the volume of the balloon looks smaller than the volume
of the four bottles. The need for an independent measurement may become a students’ idea.
Encourage students to propose different ideas how to measure the volume of the balloon.
Discuss limitations and accuracy of the suggested methods. A simple method how to
estimate the volume of the balloon is shown figure 2.

4

Figure 2. A simple method for determining the volume of the balloon. The contour of the
balloon’s shadow can be approximated with an ellipse with a major axis a and a minor axis
b.

Put the balloon next to the whiteboard and aim the light from a distant overhead projector or
a slide projector to the balloon. Draw a contour of the balloon’s shadow on the whiteboard;
remove the balloon and measure the major and minor axes of the ellipse-like shape. You can
approximate the balloon with a sphere and take the average of these two numbers, use it as a

radius of the sphere and calculate the volume. In a more accurate approximation you can

assume that the balloon is a rotational ellipsoid with the volume equal to Vv, =4T7Zab2 , where

a and b are the lengths of the major and minor axes of the ellipsoid. In our case we
measured a =15 cm, b =12 cm and obtained the volume of the ellipsoid equal to about 9
litres. As you can see, this crude independent measurement gives the result that is in a good
agreement with the previous result.

In this case we spotlighted the validity of ideal gas law. It is well known that students have
several common difficulties understanding and applying multivariable relationships such as
ideal gas law [6,7]. We have tested the law only in one point but if students work in groups
each group can test the validity of the equation in a different point (for example by varying
the mass of the gas released from the cartridge). Staging of the experiment has been done by
choosing to determine the volume of the balloon, which in addition showed how subjective
can our judgment be. Note that in many traditional cook-book labs as well as in
demonstration experiments the staging of this (and several other experiments) is typically
done in the following way: students or teacher determine all variables and then calculates the
constant, in our case gas constant R, which they later compare with “the right value”. Since



this constant is given in every textbook to the high precision it is not surprising that students
see little or no point in determining its value in such a crude experiment.

Finally note the elements such as using the bicycle inflator and the soda bottles that
contextualize the balloon experiment and connect it to students’ everyday life. Paying
attention to such elements not only increases the motivation but also shows that physics
“works” with everyday objects and is therefore useful also in everyday life.

But there is more about this experiment!

After inflating the balloon we can pose the following question. How we can estimate the
initial pressure of CO; in the cartridge before we emptied it into the balloon? A common
answer to this question is to imagine that we slowly (isothermally) compress the gas in the
balloon until it reaches the volume of the empty cartridge. Applying Boyle’s law one can
express the pressure of the gas in the cartridge as p, = pb“j—b, where indices b refer to the

balloon and ¢ to the cartridge (the volume of the cartridge was assumed to be much smaller
than the volume of the balloon). The volume of the cartridge can be measured using a
syringe and water. In our case we found V. = 20 cm® what gives the result p. = 460 bar.
Students usually don’t have experiences with high pressures so they will not be able to judge
if this value makes any sense. But we may encourage them to compare this result with the
data that they can find from different sources. Eventually they will find on the package of
CO, cartridges or on web pages of their producers that the typical pressure in the cartridge is
about 56 bar, which is almost ten times less than the value calculated in our case. Where did
we make a mistake? Math was ok, but the assumption that we could apply the ideal gas law
in this situation was wrong. If all gas is compressed into the cartridge then the final density
of the CO, in the cartridge is equal to m/V,. = 0.8 g/cm’. Now we see: we tried to apply ideal
gas law in situation where the gas density is comparable to the density of water. In such
circumstances gas no longer behaves like an ideal gas. Students can learn to recite the
definition of the ideal gas but if they seldom challenged to make judgments based on this
knowledge then the acquired knowledge is of no value.

In this second part we spotlighted the limitations of ideal gas law. If students only solve
numerous end-of-chapter problems that all require application of ideal gas law they get the
impression that the ideal gas law can be applied in any situation that deals with gases. The
staging of this part was built on creating a conflicting situation. After getting confidence in
the validity of ideal gas law we applied it in a simple thought experiment and came to an
absurd result. This situation challenges students to search for a mistake and creates the “need
to know”.

Soda can and thermal conductivity

For this experiment you will need two empty soda cans (Pepsi and Coke in our case, later
you will learn more about them), two equal ice cubes and a container with hot water [8]. The
teacher turns two empty soda cans upside down into the hot water. The water is just deep
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enough to reach the rim of the can’s bottom, as shown in figure 3a. Before dipping the cans
into the water the teacher makes a few small holes just above the bottom of each can to allow
the air from the cans to leave. Then the teacher places two equal ice cubes on the cans’
concave bottoms. The ice cubes start to melt immediately but it is soon evident that ice on
the blue can (Pepsi) melts faster than ice on the red can (Coke). Figure 3b shows the
situation about half a minute after the ice cubes have been placed on the cans. In our case the
water temperature was about 60 °C.

a

Figure 3. a) a sketch of experimental setup. b) the ice cube on the Pepsi can (right) is
melting faster than the ice cube on the Coke can (left). The can bottoms are sprayed black
only to improve the visibility of the melted ice.

If the experiment were performed as a traditional demonstration experiment, then the teacher
would tell students the correct explanation, if necessary she/he would draw sketches and
graphs and end up with quantitative analysis. But all this effort will not help the teacher to
turn students into active learners. The teacher can do a lot better if she refrains from telling
the correct explanation and instead encourages students to gradually construct the correct
explanation through guided inquiry. One possible approach here is to use an Investigative
Science Learning Environment (ISLE) cycle [9]. We briefly summarize the cycle here.
Students start with observing a simple experiment (or a series of simple experiments) to
identify patterns in the phenomenon. Then they propose multiple explanations of the
patterns. After all possible explanations are recorded the students start testing proposed
explanations. To do this, they design new experiments whose outcomes they can predict
using the above explanations. If the outcome matches the prediction, the explanation is not
disproved, if it does not match, the students examine additional assumptions, and if those are
found to be valid, the explanation is rejected. The explanations that students failed to reject
are used for practical applications.

Let’s see how ISLE philosophy can be applied to soda can experiment.

After the students conduct the experiments described above, the teacher encourages students
to suggest several possible explanations for the surprising outcome of the observational
experiment that is shown in figure 3b. The explanations that most frequently appear in the
classroom are shown in the first column in table 2.
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Table 2. Typical ISLE steps for the “soda cans and ice” experiment. Note that the time line
in this table goes from left to right. Note: letter A denotes assumptions.

Explanations Testing experiments Predictions Outcomes and
judgements
El. The blue can has | Cut the cans and If E1 => blue can El rejected
thinner bottom than | measure the bottom will be
the red can. (A: same | ¢hickpess of their thinner (E3 also rejected)
material) bottoms
If E2=> same
E2. The blue can is thickness
made from the
material with larger If E1 => same Cans are made of

thermal conductivity.

) response different metals.
(A: same thickness) | Try both cans how P
o they respond to a If E2 and A: one can | Red can is
E3. Combination of magnet is ferromagnetic => | ferromagnetic.
I and 2 s
magnet will stick to
that can

After that the teacher asks the students to suggest several testing experiments that will put
their explanations to test (second column). For each testing experiment students are asked to
make a prediction about its outcome providing that the particular explanation is correct (third
column). Based on actual outcomes of testing experiments students finally make judgments
about suggested explanations. The outcomes of our testing experiments are shown in figure
4.

Figure 4. Thicknesses of the can bottoms are equal (left). A magnet sticks to the Coke can
but does not stick to the Pepsi can (note: in some parts of Europe and Asia about half of soda
cans are made from steel and other half from aluminium.)

The first testing experiment shows that the bottoms of both cans have the same thickness
(about 0.2 mm). The second testing experiment shows that the magnet sticks to the red can
but does not stick to the blue can. Based on these data the students can conclude that the cans
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are made of different metals, that the red can is made from ferromagnetic material, and that
the thicknesses of the cans are the same (fourth column). Based on these results students
may propose a new explanation that thermal conductivity of the red can metal is smaller than
the thermal conductivity of the blue can metal. In order to test the explanation students may
think of new testing experiments but in this case it is better to suggest to them to find more
data about what materials are soda cans made of and what thermal properties of these
materials are. By searching the Internet students will soon find that in some parts of Europe
and Asia about half of the soda cans are made from steel and the rest from aluminium (in
USA all soda cans are made from aluminium). In our case the Pepsi can is made from
aluminium and the Coke can is made from steel coated with a thin layer of tin. The thermal
conductivity of aluminium is about 240 W/mK and that of steel is much lower, between 20
and 40 W/mK. Therefore these data and the testing experiments described above show that
the surprised outcome of the initial observation can be accounted to the difference in thermal
conductivities of the metals from which the cans are made.

But this is not the end of the learning process. In the final step of the ISLE cycle students are
encouraged to think of possible applications of the new knowledge. This application stage
may range from planning and designing a new experiment to finding data about applications
done by other people. In our case students may try to find answers to the following
questions. Why do different countries use different materials to produce cans? What are the
advantages and disadvantages of making cans from steel or aluminium? Obviously questions
like this offer also opportunities for making cross-curricular connections between physics
and other school subjects.

Let’s analyze this experiment from the point of view of staging, spotlighting and context. In
this case we spotlighted the thermal conduction. There is a subtle but an important advantage
of this experiment compared to many traditional experiments related to the same topic.
When treating thermal conduction we often forget to stress that the formula

STy —T, . . . . .
P= /1(H—L) describes the stationary situation meaning that temperatures 7y and 77 do

not change with time. In the experiment presented here this requirement is fulfilled while in
many traditional experiments of this type that often employ metal bars and wax, strictly
speaking, this is not true. There are at least two problems with these experiments: 1) For the
set-ups that are usually used, the temperature distribution in metal bars does not reach steady
state during the whole experiment. 2) Wax does not melt at a particular temperature (like ice)
but in a temperature range. The temperature of the waxed end is thus ill defined even after a
longer time.

ISLE steps described above provide an excellent framework for staging of this and almost
any experiment; it would be hard to add anything more about the staging here. The
experiment is also contextually rich. Obviously, soda can is one of the main icons of young
people everyday life. In this case a soda can is not used only to catch students’ attraction but
also to set the stage for creating a whole new story around it.
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The many challenges of Inquiry Based Science Education:

Toward multiple learning benefits?

Laurence Viennot
Given what we know from physics education research, how might we go about maximising the learning benefits of
Inquiry Based Science Education (IBSE) in terms of conceptual attainments, whilst keeping its motivational potential?
To document this question, a series of examples are presented and discussed. They concern some simple experimental
settings that typically constitute a starting point for IBSE activities in physics. They illustrate both some potential
obstacles to a fruitful use of inquiry based teaching and some alternatives to ritualistic teaching practices. Such rituals
are shown to originate in a teacher tendency to put students’ common ways of reasoning in resonance, using what is
called here an ‘echo-explanation’. In order to overcome the corresponding drawbacks, it is advocated to favour
conceptual links in students. This plea relies in particular on the first evaluation conducted on a large recent IBSE
project. It is associated with several concluding questions, especially that of how to manage the necessary transitions
between teaching mainly relying on IBSE and a more conceptually organized strategy.

Introduction

It has often been argued that using what is now called Inquiry Based Science Education (IBSE in
the following) can improve children’s and students’ interest in science. This view underpins some
strategies that aim to promote physics in formal or informal contexts and to influence young people
in their professional orientation. Such a practice may be seen as a good way to show children or
older students how science works, by placing them in a context in which they can be active. This
view is widely shared among researchers in physics education research and is agreed on by many
academic authorities. Reports from various institutions or groups of experts (e.g. Rocard et al. 2007,
Osborne & Dillon 2008) echo each other impressively. The “existing success” (Léna 2009a) of such
a method seems an incitement to dissemination. The comments advocating this approach mention a
variety of expected benefits, ranging from students’ engagement with science to the development of
their critical sense and responsible citizenship. Concerning learning benefits, it is not suggested that
these will be less than with more traditional teaching. As claimed for instance in the report by
Rocard et al. (2007), higher attainments levels seem to be, for many authors, an expected outcome
of the recommended approach.

Given this impressive unanimity, it might be useful to examine carefully these optimistic claims,

in order to discuss how to maximize the chances of success of this movement.

Some caveats
Being not a new idea, the inquiry based method — broadly speaking — has long been the target of
caveats. A figure (fig. 1) in a paper by Euler (2004, 193) encapsulates the essential of this question
by displaying a structural loop: you understand what you see, you see what you understand. “In
creating new knowledge”, Euler adds, “experimental evidence is only a piece of a puzzle, a step in a

longer process, and very probably not even the decisive step”.
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You see what you understand.

" You understand what you see.

Figure 1. A figure by Euler (2004), in support to his plea for a cautious use of experiments in

teaching.

Some of these long claimed caveats were very general, but they strongly resonate in the present
context: « The constructivist model of learning does not carry any necessary message about models
of instruction » (Millar 1989, 589); « Too often, the quality of instruction is judged on the basis of
student and teacher enthusiasm, this is not valid indicator . » (McDermott 1978). There was an
emphasis on the fact that any teaching method was ineffective without a thorough consideration of
the taught content (Lijnse 1994, 1995, 2002; Fensham et al. 1993), a viewpoint that is constitutive
of what is called in Europe “didactics of”, say, “physics”. Correspondingly, several authors stressed
the necessity that a teaching sequence be designed and evaluated at the micro level (Millar 1989 ;
Lijnse ibid.). Finally, the promoters of recent “inquiry based” attempts at improving science
education were themselves aware that there had been, « Along the 60s-70s, (...), an impressive
number of reforms that all failed » (Charpak 1996, in French, p. 9).

All these caveats, as it seems, are rather consensually accepted, at least are they not explicitly
denied in the contemporary pleas for IBSE. This paper intends to contribute to a reflection about
this question: how to conciliate that awareness and the loud stated claims concerning the expectable
benefits of such an approach to teaching science? In particular, can we hope to have students more
“excited”, more “engaged with physics” and, at the same time, have them significantly understand
what we intend them to learn? Can we do better than providing learners with a scattered set of
exciting teaching sessions? Can we conduct them to a view of science as a widely unified

description of the material world, constructed on the basis of parsimonious and predictive theories?



Taking the challenge
The perspective of this paper is to discuss how to conciliate students’ excitement and their
conceptual structuring. The latter component, indeed, is no less constitutive of science that the
former one, and it refers to the very nature of the subject: a set of models and theories with
remarkable predictive power, internal consistency and elegant parsimony, as recently underlined by
Ogborn (1997, 2009).

How can we manage such a challenge, in the frame of IBSE?

A now classical approach to IBSE is the following. IBSE is meant to make ample room for the
students’ own intellectual activity. Therefore a question is to be solved, taking into account the
learners’ prior expectations. When the question refers to a phenomenon that can be practically
illustrated on a small scale, an experiment is designed and carried out. Expectations on the
outcomes of the experiment should be formulated and explicitly justified, in order to generate and
fuel a discussion between students and/or between the students and the teacher. Once the
experiment has been carried out, any conflict between what was expected and what has been
observed should be negotiated. The goal is that learners should gradually reach a view that is
compatible with accepted physics, and/or formulate a new question.

As recalled in introduction, these views are widely consensual nowadays. In principle, they are
compatible with the various goals assigned to this type of teaching, in particular with student
conceptual structuring. It might well be, however, that a predominant use of that strategy does not
particularly foster an organized understanding of the taught concepts. We can search to overcome
some expectable limitations in this respect. For the sake of brevity, this question will be envisaged
here with a discussion focused on learners, leaving aside, though essential it may be, what concerns
teachers and teacher trainers (see a few remarks in Appendix 1).

Some possible obstacles to learners’ conceptual achievement are listed and discussed below, then
some examples of alternatives to common practices are proposed, alternatives in line with the
concern of stressing conceptual links.

The obstacles considered in the following are referred to three main ideas: the complexity of
physical phenomena, some ritualistic teaching practices and what is defined below as ‘echo-
explanation’, a type of discourse used by teachers or science mediators especially when they want

to be easily understood.

The intrinsic complexity of physical phenomena



a) A test-tube filled with | b) A questionable explanation c) Considering orders  of
water, above a tank of magnitude
water.

Comparing orders of magnitude of
the forces acting on the column of
water that are mentionned in the

e . explanation (col. b).
“What is lifting this column of water

up by 2m ? It's atmospheric pressure
that is pushing on the water in the

tank. In the tube, there is no air, and

. *
no pressure is exerted on the water.”

*Translated from an explanation by Marie
Curie, (Chavannes 1907)

Figure 6. A situation that can be analysed like the glass of water turned upside down (fig. 5): a test-
tube full of water and turned upside down over a tank filled with water.

An expert explanation for this phenomenon was provided by Marie Curie. A book recently
published presents notes taken by Isabelle Chavannes during lessons given in 1907 by Marie Curie
to a few of her friends’ children (including Isabelle). Referring to the setting shown in Figure 6,
Isabelle Chavannes reported Marie Curie’s words: “What is raising this column of water up to 2m ?
It's the atmospheric pressure that is pushing on the water in the tank. In the tube, there is no air,
and no pressure is exerted on the water ”” (Chavannes 1907).

With this comment, we are very close to the common and problematic explanation of the
inverted glass discussed above. Such a similarity suggests that the ritual just illustrated with the first
example — an inverted glass - is not simply an accident. We may then decide that it is worth
suggesting alternatives, beyond just signaling the incompleteness of the ritualistic explanations.

A first strategy is to change slightly the staging of the inverted glass, by putting it in a horizontal
position (fig. 7). Then, it is less tempting to ascribe the immobility of the cardboard to a balance

between a force exerted by the atmosphere and the water’s weight.



Figure 7. In a horizontal position, the water also does not flow out of the glass

A simple analysis of the horizontal components of the main forces leads to a more symmetrical
view, which is systemic and involves both ends of the glass. The atmosphere appears as playing the
role of a press rather than that of a stand. It is likely that the learning outcomes would be different,
or at least that the conceptual obstacles would not be the same.

The second example does not lend itself to that kind of change, as the test tube cannot be put
horizontally. But it is still very relevant to focus on the systemic aspect. As in the case of the
inverted glass, both ends of the column of water deserve attention. Indeed, at the top of this column,
the interaction between the water and the glass is equivalent to that generated by four fifths of
atmospheric pressure. Stressing the links between the two situations, inverted glass or test tube, is
likely to lead to a better understanding of this idea. It is even possible to discuss what a Torricelli
barometer is, and to underline that there is a very small interaction, in this case, between mercury
vapour and the top of the tube (= 2.10"' Pa). By stressing similarities and differences, via a systemic
analysis, an investigation of an inverted glass, an inverted test tube and a barometer gives access to

a rich and consistent conceptual content.

Expert echo explanations

The two preceding examples also illustrate the idea of an expert echo-explanation (Viennot 2009,
2010a,b, Viennot and Planinsic 2009).

Let us consider the common and problematic explanations that are commonly given for these two
situations. A column of water is said to be raised by atmospheric pressure and this suggests an
(unbalanced) equilibrium between two forces, given that it is (erroneously) claimed or simply
suggested that there is nothing else acting on the water. These two forces are, on the one hand, that
due to atmosphere pressure at the basis of the column of water and, on the other hand, the weight of
this column, itself assumed to be exerted on the water in the tank. Only the basis of the column

seems to be considered, as though no interaction was intervening at the top.
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Such explanations are compatible with some very common ideas or ways of reasoning that are
repeatedly observed in students. It is often thought, indeed, that an object “exerts its weight on the
stand” (to put it briefly; see previous discussion a propos of weighing the air), and more generally
that a localized analysis is sufficient. We may then consider some expert explanations as echoing
some students’ common views, in that they seem to rely on the same common trends of reasoning.
To sum up, an expert “echo-explanation” can hypothetically be ascribed to the same features of
reasoning as those commonly observed in learners and possibly misleading as regards accepted
physics. This label does not imply any particular causal relationship between what is commonly

claimed, respectively, by experts and by non-specialists. It just designates a mutual resonance.

Explanations that echo linear causal reasoning

Very often, echo-explanations are mapped on a very common way of thinking in science:

Linear causal reasoning

This way of reasoning is of particular interest in that it is in stark contrast with some models
commonly used in accepted physics, and particularly in elementary physics.

Consider a system comprising several objects, say two springs suspended end to end from a
stand and extended by an experimenter (fig. 8), or a series circuit with two resistors and a battery, or
two cylindrical vessels filled with gas and separated by a mobile piston. Such systems can be
described with several variables that are constrained by simple relationships. Thus, the forces
exerted by the two springs on each other are equal to that exerted by the experimenter on the lower
end of the lower spring. This relationship implies a situation of mechanical equilibrium at every
point in time, the same time argument being ascribed to every specific value of the quantities
concerned. In other words, all the parts of the combined system are assumed to “know” all the other
parts instantaneously, during the — quasi-static — evolution of this system. Thus, if the lower end is
pulled by an experimenter, the relationship above is assumed to hold at any instant. This is far from
obvious. In the case of an earthquake, for instance, this model would not be appropriate for
analysing the changes that affect two contiguous parts of a continent. It would have to be changed
to a propagative model.

The simultaneous evolution of all the parts of a system is far from intuitively clear. Common
ways to deny such a strange hypothesis take the form of the following prototypical comment
(Fauconnet 1981: 111; Viennot 2001: 98) “The first spring will extend then, after a while, the
second will also extend”. Such a comment suggests that the event is seen as ‘a story’, rather than as
simultaneous changes in several variables permanently constrained by the same relationships.

Simple events (¢n), most often specified through only one variable, are envisaged as a series of

11



binary cause-effect links: @1 — @2 — @3 — (...) = ¢n. (Rozier & Viennot 1991, Viennot 2001:
chap. 5). The arrow used in the preceding symbolic form is often expressed in words using the
adverb “then”. This is an intermediate term between the expression of a logical link (“therefore”)
and a temporal succession (“later”). We can find the same type of ambiguous term in many other
languages as well; for instance “alors” in French or “entonces” in Spanish. More or less
surreptitiously, common explanations are steeped in time.

Figure 8 outlines the term-to-term opposition that exists between the linear common reasoning

and a quasi-static, or quasi-stationary, analysis of a systemic change.

In quasi-static physics An Linear causal stories
example

- several variables - simple phenomena (one variable each)

- simultaneously changing - seen as successive (hence as)

- constrained by permanent relationships | & g - temporary

=

Fext (t) = T, (same t) - T, (same t) g A symptomatic comment:
Alr (t) = Al (same t) + Al, (same t) O “The first spring will extend then, after a

while, the second will also extend.”
Fex : Force exerted by an experimenter on the lower
end; T,, T,. tensions of each spring; Al,, Al.

extensions of each spring, Aly total extension.

Figure 8. The main features of linear causal reasoning, compared to those of a quasi-static
analysis.

As already pinpointed by Rozier and Viennot (1991, see also Viennot 2001: chap. 5), some
expert explanations seem also to be framed by linear causal reasoning, a tendency that can be
particularly perpetrated by authors of science popularizations. The following example was much

more recently pinpointed (Viennot 2010a,b, Viennot and Planinsic 2009).
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A siphoning process
An explanation, again given by Marie Curie (Chavannes 1907: 62), makes use of the following
argument. The water in the long branch of the siphon flows out. A vacuum is created, and the

atmospheric pressure pushes the water of the tank up the short branch.

|
Patm

L

Pa

Figure 9. A siphoning process.

Using the schematic presentation shown in fig. 9, we might paraphrase this explanation as follows:

¢ (left end of the tube, on fig. 9): The water in the long branch of the siphon flows out — ¢,
(somewhere in the tube) A vacuum is created — @3 (right end of the tube on fig. 9) the atmospheric
pressure pushes the water in the tank up the small branch.

Simple events are envisaged successively, if only temporarily (for instance: “the vacuum”), as
though in chronological succession. In particular, this would seem to suggest that it is possible to
analyse what happens at one end of the system independently of what happens at the other.

There is one clear problem: The role of the atmosphere is called on for the last link of the
explanation, which concerns one end, but there is atmospheric pressure at the other end as well.

The adjectives “long” and “short” constitute a clue which discretely points towards the crucial
role of a difference. Most probably, this clue is not sufficient for learners who do not already know
how to analyse this system. It might well be thought, for instance, that the water flows out of “the
long pipe” simply because its lower end is open. The resonance between this explanation and linear

causal reasoning, clearly, may result in improper interpretations.
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Stressing links and the decisive role of some differences

Rituals and echo explanations are often concomitant. An improved awareness , a critical analysis
and a deliberate specification of teaching goals may open wider the conceptual space that is
potentially accessible to students.

Thus, still using the same device, it may be decided to stress the systemic aspect of a siphon. To
this end, the students can be first presented with a system analogous to that shown in Figure 9 but
with a mask hiding the right-hand side (fig. 10a); the student could be asked to predict: What would
happen if the lower end of the left-hand branch, initially blocked, were freed?

F1atm—l

Patm Pat patm

a b c
What will happen when the | A case currently explained by | With the same left-hand
left-hand branch is opened at | experts (e.g. Marie  Curie: | branch, a different outcome is
its lower end? (Right-hand part | Chavannes 1907) observed
of the system: hidden)

Figure 10. Without considering both sides of a siphon, the outcome of the experiment cannot be

predicted.

Once performed, the experiment would confirm what is commonly expected: the water in the
left-hand branch flows out. When the mask is taken off (fig. 10b), the students can see that the
vessel empties, which is the usual goal of a siphoning process. But the experiment could also be
performed for a different outcome. Behind the mask, and with exactly the same visible part on the
left, it is possible to place the tank of water such that its free surface is lower than the end of the
left-hand branch (fig. 10c). Then, when the left-hand end of the tube is opened, the water does not

flow out. Instead, the water rises up the tube and refills the tank.
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This is a striking illustration that, without seeing both ends of the system, it is impossible to
predict what the water will do. This is the most important thing to be understood concerning a
siphon. Beyond that, with a modest setting, and with an audience that is still at a low level of
competence, it is possible to stress a crucial aspect of physical phenomena: the world runs on
differences (Boohan and Ogborn 1997).

Keeping in mind this kind of a message — briefly put, the relevance of a systemic approach — the
staging of other experiments can be re-orientated accordingly, as illustrated by the following

example.

A “love-meter” is shown in Figure 11. Warming up the lower part with the hands results in a
nice fountain effect, with the liquid partly filling in the upper part whilst its level decreases in the
lower part. The usual explanation is that warming up the gas in the lower part increases the pressure
there, which pushes the liquid up the tube joining the bottom of the lower part to the bottom of the

upper part. Here, we recognize linear causal reasoning.

Figure 11. A “love-meter” with the classical staging.

In order to highlight the target idea more effectively, we could formulate the explanation more
precisely, changing “the pressure increases in the lower part” to “the difference of pressure between
the two parts is increased”, thus taking into account both parts of the system. With such a target in
mind, it would become natural to complete the classical demonstration of the love-meter experiment
with the following variation (fig. 12b): cooling down the upper bulb, for instance with cold water.
The outcome is of course the same as with the usual version, which constitutes a rather striking

effect.
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a) Starting with the classical use of a love- | b)...then cooling down the upper bulb with cold

meter ... water

Figure 12. A staging of the demonstration that focuses on a systemic analysis

Among other activities, these two examples — siphon and love-meter — could be used to
emphasise the consistency of physics and the power of its theoretical foundations: in this case the

idea that the world runs on differences.

A consensual method, a variety of likely outcomes

The preceding examples, particularly the two last ones, suggest a first conclusion. We may well
agree on a general pedagogical frame to have the students active, engaged, excited, critical, etc. But
inside such a framework, what remains to be decided is considerable, as is the range of likely
outcomes. The positive side of that state of affairs is that, provided the limits of some common
practices are recognised and analysed, there is room to maneuver in. Even with severe teaching
constraints, there are some open choices and levers for targeted actions. Some apparently minor
changes in ritualistic practices may bring out important outcomes. These “critical details” of
practice (Viennot et al. 2004), when orientated by a sound analysis of the content and a sufficient
knowledge of students’ common ideas and ways of reasoning, open up a range of different targets.
Being vigilant about our own explanations, which may in fact mirror some problematic features of
common reasoning, is a preliminary condition. Among the possible goals that might influence what
we choose to spotlight in exploring any given content is that of stressing conceptual links, thus
highlighting how consistent, predictive and concise physical theories may be, in specified domains

of validity.
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Some crucial questions

As recently recalled in many pleas for IBSE, “(...) the learning process of scientists (Consists in):
formulating questions, doing experiments, collecting and comparing data, reaching conclusions and
extrapolating these findings to more general conclusions. (Allende 2008)

Thus, a recurrent invocation concerning science is that of a questioning approach. Consistently,
it would be problematic, concerning IBSE, to depart from this attitude. This paper recalls and/or
illustrates some caveats, suggests some reasons and ways to be both cautious and positively
engaged with IBSE. That is, of course, far from exhausting the topic. Among the vivid questions
left open, we find:

How can we evaluate our assertions about IBSE?

As recalled in introduction, many claims were expressed to justify and accompany the reactivating
process of IBSE approaches. Given the preceding failures in the 70s, there was an urgent need, after
about a decade of “recent” IBSE, to formally evaluate the outcomes. This paper being focused on
learners, it must be noticed that, in this regard, very few results were available until recently,
beyond teachers reporting. Recently, a formal evaluation has been conducted on a large scale in the
frame of the Pollen project (2006-2009). One of the questions examined was whether IBSE was
actually fostering pupils’ liking of science. A striking results concerns a cohort of pupils, aged 10-
11, who were exposed during two years (in Berlin) to IBSE, with pre and post tests posed to the
same pupils. The authors (Jarvis et al. 2009) conclude: “Most of the individual item scores relating
to pupils’ liking of science experiments also fall significantly over the two years (...), with girls
scores falling more strongly. This pattern of decline in liking school and science is common in many
countries as primary pupils get older (Jarvis & Pell 2002; Piburn & Baker 1993). It should not be
surprising that there should not be a notable change in typical pupil responses because of the
Pollen Project.” This comment is in stark contrast with many loud stated claims. It demonstrates the
utility of a lucid, non dogmatic attitude.

First of all, it appears that we should search for relevant variables concerning, this time, IBSE, in
order better to master its outcomes. Thus, the investigation by Jarvis and her colleagues provides
interesting results. Pupils in Leicester (N= 301-554, aged 7-11), were asked to rank various items
on a five-points Likert scale. It was found that the item “science is just too difficult” was ranked
significantly lower after one year of IBSE. In contrast, no significant difference was observed
concerning the items “(...) Finding out why the experiment works” and “Science makes me think™.
Strikingly, the same kind of results are reported in the investigation conducted in several European

countries by Lindahl (2009), still within Pollen project.
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Such studies can help us improve our practice. Here in particular, the results pose the question of
developing a more conceptual component in IBSE. Indeed, at least through some pupils’ responses,
science does not present insuperable difficulties but does not seem more intellectually stimulating

after a long period of inquiry based teaching.

How does IBSE affect students’ conceptual achievements and intellectual satisfaction?

Physics education research has long been concerned by evaluating students’ understanding of
scientific concepts, before, during and after teaching. By contrast, the recent reactivation of IBSE
was most often accompanied by evaluations that were nearly exclusively focused on students’ or on
teachers’ attitudes as regards science (see for instance the investigation by Pollen, just quoted). As
recalled above, there is a need to keep evaluating at a fine grained level what students actually
grasp of science concepts, in such and such teaching conditions.

Besides the question of students’ conceptual achievements, and probably tightly linked to that
aspect, the level of students’ intellectual satisfaction is a crucial point to be investigated. Intellectual
satisfaction is at a junction between affectivity and conceptual progress. It is a feeling linked to the
impression of having understood a complex topic to a certain extent, one that can be identified quite
clearly, this being accomplished with a good quality/cost ratio (Viennot 2006, Math¢é and Viennot
2009, Feller et al. 2010). Often, affective factors are envisaged as conditions for learning (for
instance Pintrich et al., 1993; Rhoneck et al. 1998; Glynn et al., 2007, Launkenmann et al., 2003).
But seen as a possible outcome of learning, intellectual satisfaction is — most probably - crucially
linked to one of the main goals of IBSE enterprises: having students engaging with science, in the

long term.

IBSE from primary school to the end of secondary school: what transitions?

This point leads us to a crucial aspect of IBSE: the transition from a major focus on scientific
inquiry, on the one hand, to a more systematic approach to science conceptual organization, on the
other hand. As recalled by Rocard et al. (2007: 12), “The two approaches are not mutually
exclusive, and can and should be combined in any science classroom to accommodate for different
kinds of scientific topics, different mindsets and age groups preferences.” In practice, the dosage to
be adopted in a given context is far from obvious. We can read different suggestions concerning the
crucial steps. Thus, according to Léna (2009b), there would be, in some European countries, a “5 to
16” golden age of inquiry based approaches: “In all four nations (France, Germany, Netherlands,
Sweden), the ‘science as inquiry’ pedagogy encourages students (from 5 to 16) to develop a sense

of wonder, observation and logical reasoning”. Osborne and Dillon, recommend that this approach
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prevail “before 14”: “EU countries should ensure that: (...) the emphasis in science education
before 14 should be on engaging students with science and scientific phenomena. Evidence suggests
that this is best achieved through opportunities for extended investigation work and hands-on
experimentation and not through a stress on the acquisition of canonical concepts.” (Osborne &
Dillon 2008: 9).

It is crucially important that a thorough reflection be conducted on how and when to manage the
decisive transitions. In order to inform this question, it is urgently needed to conduct carefully

designed research programs.

Concluding remarks

These crucial questions — a few among many others - may seem discouragingly complex. They
just echo some of the recurrent debates in science education, and there is no reason why IBSE
should get round these. The real challenge is to keep the wonderful impulse recently given to IBSE
while keeping in mind those questions and maintaining a lucid effort to progress in these respects.

At least can we say that a condition for success is to reject any manicheism. Phil Scott very
recently expressed a concern about this tendency: “A worrying trend that | detect sees new
approaches being set up in opposition to each other in an unhealthy dichotomy (...) Furthermore,
and all too often, approaches to teaching scientific conceptual knowledge are cast as being
‘traditional’, 'didactic’ and 'bad’, whilst inquiry approaches are seen as being 'innovative', ‘child-
centred' and 'good’.” (Scott 2009). Yet, the report by Rocard, just cited, had well specified: “The
two approaches are not mutually exclusive, ...”. But, in practice, one or two useful sentences in a
report are not enough to ensure a generalized, harmonious and efficient ‘full repertoire’ approach to
teaching. To this end, it would be highly fruitful, I suggest, to seriously consider this idea: It is
essential that students reach a certain degree of intellectual satisfaction. In this regards, a strong
lever is — a propos of inquiry based approaches as well - to favour conceptual structuring by
stressing links between phenomena and laws. Thus, the different reasons to like science might be
reconciled, in an efficient synergy. We might expect to have learners truly engaging with science,

beyond mere excitement and in the long term.
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Appendix 1

How better to help and/or train teachers to perform careful IBSE?

Given time constraints, some important themes concerning teachers have not been discussed in
the address reported here. Yet, as repeatedly claimed, teachers’ role is absolutely decisive. As
always when an innovation is launched in an educative system, or even experimented at smaller
scale, teachers are active transformers of the suggested design (e.g. STTIS 2000, Leach et al. 2002,
Millar 2010, Ogborn 2010).

No doubt that, in order to help teachers take a first step, it is very useful to provide them with
general considerations on IBSE along with exemplary items, for instance posted on a resource web-
site (LaMap, Pollen, Sinus Transfer), or even kit-boxes. Training sessions in vivo, or accompanied
teaching sessions, whenever possible, are of course likely to favour a better interaction between the
designers and the teachers who are supposed to appropriate the recommended innovation.

In any case, it would be highly contestable to adopt a transmissive approach: The very label of
exemplarity is questionable, because what is advisable in a given teaching context (teacher
included), may be very problematic in another one. For instance, as remarked by Jarvit et al. (2009):
“Kit-boxes are a valuable strategy for supporting schools and teachers with little background in
teaching science. (...) Long term, the boxes may inhibit able teachers’ creativity and enthusiasm.”

Consequently, it is probably fruitful to propose, for any given theme of physics, a menu, be it
with a resource web-site or not. That could comprise, besides some information about the content, a
description of students’ common ideas, a critical analysis of possible ritualistic practices -
explanations or ways of staging an experiment-, and suggestions of alternatives along with their

justifications, constructed accordingly. Given that the teachers trace their own way when they
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decide what to do the next day, such a format should incite them to take responsibility for the
didactic consistency of their personal choice; in other words, to look for an optimized agreement
between the retained teaching goals and the chosen strategies, given students’ pre instructional ideas
and expectable reactions. More widely, this idea of a didactic consistency might constitute the
master word of teacher training sessions. Then, in line with a problem posing approach (Lijnse
1995, 1998, 2002), teachers could be trained to evaluate to which extent some hypothetical design
briefs (Leach et al. 2010) are didactically consistent. Several resource web-sites (STTIS , MUSE)

are built on such principles.

Appendix 2
An elementary analysis of the “inverted glass™ situation, with dislocated diagrams

Main forces (vertical components) in the situation of the glass full of water held upside down
(for more detail, see Weltin 1961, Viennot et al. 2009): (a) shows an exploded view of the water-
glass-cardboard system in which the arrows indicate the interaction forces, (b) shows the balance
between the various forces acting on the system water+glass+cardboard.

23



[
[
B
1

One colour per interaction :
-The Earth/water (weight)
- atmosphere/cardboard

- atmosphere/bottom of the gla

- water/cardboad
- water/bottom of the glass

-hand/glass

Each dotted rectangle

regroups the elements for a
Newtonian balance of forces
on the object concerned

-For each object, no particular
attention is given to the exact point
of application of the forces because
only the motion of the centre of
inertia is involved here.

-Lateral shift of the arrows: to
facilitate the reading

-Orders of magnitude not respected :
factor x100 between the force
exerted by the external air on the
cardboard and the weight of the

water

-Weight of the cardboard: not
represented, very small with respect
to other forces

-Other forces concerning the
cardboard: not represented, very
small with respect to other forces

Cardboard

a dislocated diagram

System :

water+ .
glass+
cardboard 1

b diagram for regrouped objects
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Helping our students learn physics and think like scientists
Eugenia Etkina, Anna Karelina, Maria Ruibal Villasenor, Rebecca Jordan, and Cindy Hmelo-
Silver
Rutgers University

Abstract: Most of our students will not become professional physicists. What and how should
they learn in their introductory college physics courses so that they can not only explain some
physical phenomena and solve simple problems but also develop processes and habits of mind
(we call them scientific abilities) that help them analyze real world problems using strategies of
the scientific community. One of the possible solutions is to engage students in experimental
design. This paper describes how we can bring design into an introductory physics lab, what
scientific abilities students can develop, how long it takes, and whether the students transfer
those abilities to content areas outside of physics.

Introduction

This paper describes an experimental design study in an introductory college course whose
goal was to investigate the effects of instructional laboratories in which students design their
own experiments on student their of physics and acquisition and transfer of scientific abilities.

The experiment was conducted at a US public university in a large-enrollment algebra—based
physics course (with an integrated lab) for science majors (but not physics majors). The purpose
of the experiment was to test the hypothesis that students who learn in a educational
environment that resembles scientific inquiry and who design their own experiments in a
physics lab not only can learn as much physics content as those students who follow the
directions in guided laboratory materials, but also can acquire and transfer scientific abilities
better than their counterparts. The independent variable in this experiment was the type of
learning experiences that the subjects encountered in the lab: they had to complete assignments
that were similar in terms of the physics involved but very different in nature. Excluding the
laboratories, all participants experienced the same learning environments and worked on the
same tasks: the students attended the same large-room meetings and problem-solving sessions
that that were based on the Investigative Science Learning Environment (ISLE) philosophy
(Etkina and Van Heuvelen, 2007). The dependent variable in this experiment was the extent of
student learning and transfer revealed in their performance on the exams and on special
experimental tasks. This was measured by exams grades, the coding of lab reports using
“scientific abilities” rubrics, and the amount of time that students spent on different activities

during the labs.



In order to make the comparisons possible, we split the course lab sections into two groups of
equal size (about 90 students in each). The students in the treatment group (called design group)
designed their own experiments and composed sophisticated lab reports in which they described
and explained their experimental procedure, evaluated experimental uncertainties, justified
theoretical assumptions, etc. The students in the control group (non-design students) performed
the same experiments but were guided by the directions in lab handouts. The assumptions
instructions for evaluating the uncertainties were provided for them. In contrast, the students in
the design group had to struggle and find the answers with thoughtful efforts similar to scientists
doing research.

The research questions were whether the students who during one semester design their own
experiments and are compelled to concentrate on the elements of the scientific investigation,

(a) develop physics knowledge and problem solving abilities comparable to those students
who perform similar lab exercises but do not design their own experiments;

(b) acquire and are able to transfer scientific abilities to an area of physics that they have not
studied before;

(c) are able to transfer scientific abilities to a different subject matter.

Motivation

There are two big motivations for this study: (1) Recent reports concerning science and
engineering education encourage student acquisition of conceptual and quantitative
understanding of physics principles and also the acquisition of abilities to: design their own
experiments, reason from the data, construct explanatory models, solve complex problems, work
with other people, and communicate (Bybee and DeBoer, 1994; Alberts, 2000). Should we
spend time on the development of these latter abilities or this will harm students’ acquisition of
physics conceptual learning and ability to solve traditional problems? (2) Many experiments
indicate that the ability to transfer what is learned in physics to other unstudied physics areas, to
other academic disciplines, and to work after academia is lacking. Can students transfer what
they learn in our physics design labs to other unstudied areas of physics and to other academic
disciplines?

Theoretical foundation
In the behaviorist tradition the term “transfer of learning” indicates extent of the

repetition of an old behavior to a new situation (Detterman,1993). In educational psychology the



definition is a little more ample and “transfer” refers to ability to apply knowledge or procedures
learned in a context to a different one (Bransford, Brown & Cocking, 2000). However, as
argued by Schwartz, Bransford and Sears (2005), this last definition is still too restrictive and
does not truthfully reflect the intricacies of the phenomenon of transfer, because it concentrates
too much on individuals’ capacity for directly applying previously acquired knowledge to new
contexts. This constrain in the conception of transfer shows, for instance, in classical studies of
analogical transfer were the researchers tested the subjects in environments with no access to
external resources and not opportunities to try out and revise their ideas (Gick & Holyoak, 1980;
Halpern, 1998). The paradigm of direct application transfer makes the people appear
incompetent because they have serious difficulties solving problems or completing tasks very
similar to others presented to them before. The skills acquisition literature has shown that
several learning trials are needed before researchers could find transfer of skills. In consequence
we conclude with Schwartz, Bransford and Sears (2005) that transfer is not reduced to the
modification and utilization of knowledge gained at an earlier time, but also it must include the
effects of the person’s own knowledge on the construction of new one. Finally, the work of
Lobato shows that transfer occurs often and the problem is in its recognition by researchers, not
its existence (Lobato, 2005).

There are several theoretical models of transfer. The most relevant to this study are direct
applications transfer, recognition of affordances, preparation for future learning transfer, and
actor-oriented transfer. For any kind of transfer to occur, the learning environment should have
such features as: focusing students’ attention on pattern recognition among cases and induction
of general schemas from a diversity of problems (Gentner, Lowestein and Thompson, 2003);
engaging students in meta-cognitive reflection on implemented strategies (Catrambone and

Holyoak, 1989); and presenting students with contrasting cases.

ISLE learning philosophy, scientific abilities and ISLE labs
ISLE philosophy
Investigative Science Learning Environment (Etkina and Van Heuvelen, 2001, 2007) is a
comprehensive algebra-based physics learning system that provides an overarching philosophy
and specific activities for all elements of a college physics course- lectures (we call them large

room meetings), problem solving recitations and labs. ISLE students start each conceptual unit



by observing carefully selected physical phenomena (the experiments chosen for this stage of
learning are usually very simple with clear emerging patterns). Students do not make predictions
about the outcomes of these experiments; instead they collect data and look for patterns in the
data. Then students construct ideas/rules to explain their experimental observations. When
appropriate, students are encouraged to suggest multiple explanations for the same experiment.
The fact that all explanations have equal weights before they are tested allows students to freely
express their ideas, often based on everyday experience, without waiting for authority for
validation. Students can use their contextual and epistemological resources to help in
constructing explanations (Hammer and Elby, 2003). Students then have to come up with
experiments that will test each of the proposed explanations/rules by predicting the outcomes of
new experiments using hypothetico-deductive reasoning (if-then) (Lawson, 2003). They learn
that explanations cannot be proved, only rejected. After performing the testing experiments,
students revise and/or discard their explanations when necessary. Sometimes testing
experiments reveal new features of the phenomenon that students try to explain, and the cycle
starts again. They then use tested explanations/rules to explain everyday experiences and to
solve problems.

Often students need to test alternative ideas at this stage of the cycle (the ideas are
provided). These ideas are based on student difficulties documented by physics education
research (PER). Some students might have the same ideas even after the cycle is completed.
Thus “testing” them provides an opportunity for the students to examine why a particular idea
leads to predictions that do not match the outcomes of the experiments. However, students do
not have a personal stake in these predictions, as they are testing “somebody else’s’ ideas.

Students follow similar cycles for each conceptual unit and continuously reflect on “how
they know what they know”. At each stage students work collaboratively (in groups), sharing
ideas and trying to convince each other. This approach resembles the processes that the
scientific community uses to acquire knowledge.

The sequences of observational experiments, finding patterns, explaining patterns,

testing and applying them repeats twice for each conceptual unit first at a qualitative level and

then at a quantitative.

Scientific abilities

One of the major goals of ISLE is to help students develop scientific abilities (Etkina et



al., 2006). We use the term “scientific abilities” to describe some of the most important
procedures, processes, and methods that scientists use when constructing knowledge and when
solving experimental problems. We use the term scientific abilities instead of science-process
skills to underscore that these are not automatic skills, but are instead processes that students
need to use reflectively and critically (Salomon and Perkins, 1989). The list of scientific abilities
that our physics education research group developed includes (A) the ability to represent
physical processes in multiple ways; (B) the ability to devise and test a qualitative explanation
or quantitative relationship; (C) the ability to modify a qualitative explanation or quantitative
relationship; (D) the ability to design an experimental investigation; (E) the ability to collect and
analyze data; (F) the ability to evaluate experimental predictions and outcomes, conceptual
claims, problem solutions, and models, and (G) the ability to communicate (for details of this
work see ibn Etkina et al., 2006). The above abilities involve many sub-abilities. For example,
for the ability to collect and analyze data we identified the following subabilities: (i) the ability
to identify sources of experimental uncertainty, (ii) the ability to evaluate how experimental
uncertainties might affect the data, (iii) the ability to minimize experimental uncertainty, (iv) the
ability to record and represent data in a meaningful way, and (v) the ability to analyze data
appropriately.

To help students develop these abilities, ISLE curriculum provides formative
assessment activities (Black and Wiliam, 1998) in which feedback in built-in though formative
assessment rubrics (Etkina et al., 2006). The rubrics contain descriptions of different levels of
performance, including the target level of ability development. A student or a group of students
can use the rubric to help self-assess her or their own work. An instructor can use the rubric to
evaluate students’ responses and to provide feedback.

Each item in the rubrics corresponds to one of the subabilities. The descriptors of student
work that could merit a particular score are on a scale of 0-3 (0, missing; 1, inadequate; 2, needs
some improvement; and 3, adequate) and. For example, for the subability “to record and
represent data in a meaningful way” a score of 0 means that the data are either missing or
incomprehensible, a score of 1 means that some important data are missing, a score of 2 means
that all important data are present but recorded in a way that requires some effort to
comprehend, and a score of 3 means that all important data are present, organized, and recorded

clearly. The rubrics were developed and validated by our research group of 9 members, who



achieved an inter-rater reliability of 95%. An example of a rubric is shown in Figure 1 below.

Figure 1. An example of a rubric for one sub-ability.

Scientific Ability Missing (0) Inadequate (1) imI;If:\?:ninrlr‘zeQ) Adequate (3)
No attempt is | A second A second A second
made to independent independent independent
evaluate the | method is used to | method is used | method is used to
consistency evaluate the to evaluate the evaluate the
of the result | results. results. The results and the
using an However there is | results of the evaluation is done
Is able to evaluate ||independent | little or no two methods are | with the
the results by method. discussion about | compared using | experimental
means of an the differences in | experimental uncertainties. The
independent the results due to | uncertainties. discrepancy
method the two methods. | But there is little | between the
or no discussion | results of the two
of the possible | methods, and
reasons for the | possible reasons
differences are discussed.
when the results
are different.

ISLE instructional laboratories

The ISLE laboratories are not “verification” labs. They are naturally integrated into ISLE
learning process and in addition to helping students develop and test physics concepts and
relations, they focus explicitly on helping students develop scientific abilities (students develop
these abilities in the context of learning new material). In labs students have an opportunity to
collect data that they later analyze, or to test explanations of the patterns in the data that they
constructed in large room meetings, or to apply tested concepts to solve practical problems. The
ISLE laboratories are less prescriptive than traditional ones and have a non-cookbook format

(see the set of lab handouts at http://paer.rutgers.edu/scientificabilities). Students work in groups

to design their own experiments. They then evaluate the results of the experiments and suggest
improvements in their designs. They often need to devise at least two independent experimental
methods to solve a problem. Materials (lab handouts) given to the students during ISLE labs do
not contain recipe-like instructions on how to perform the experiments but instead guide
students through various aspects of a typical experimental process (Etkina, Murthy and Zou,

2006). The handouts ask students to think about different ways to achieve the goal of the



experiment, to draw a picture of the arrangement of the equipment that they plan to use, and to
describe the mathematical procedure they will apply. In addition, the handouts guide them in
recognizing additional assumptions they make, identifying sources of experimental uncertainty
and evaluating their effects. To facilitate student self-assessment ISLE labs use scientific
abilities rubrics described above. The rubrics assist students in their work and help them write
lab reports (Erkina et al., 2006). Usually students are asked to focus on a selection of 3 to 4
different rubrics in each lab.

The general philosophy of the labs is based on the “preparation for future learning” concept
by Bransford and Swartz (1999). Students, working in groups, need to struggle with the ability
first, making sense of it, then practiced it many times continuously reflecting on the process, and
finally contrasted it with other similar abilities. The example of a metacognitive reflection can
be seen in the following part of the lab handout where students have to design an experiment to
test whether objects always move in the direction of the unbalanced force or change their motion
in this direction: “First, think of the two competing ideas that you need to test. Think of how you
can use the available equipment to design experiments relevant to both of them. Also, think what
the words ““test an idea” mean in real life. Does “testing” mean trying to prove or trying to
disprove an idea? When you come up with possible experiments, call your instructor. After the
discussion with the instructor, record what experiments you are going to perform.”

To address the “time for telling” moment — when the instructor or the lab handout provide a
summary of a new ability, the instructor discusses particular ability or experiment with the
students in a lab following the one where students used a particular ability first and was based

on the instructor’s reading and providing feedback on the reports.

Description of the study

Population The study was conducted in the first (fall) semester of an introductory physics
course for science majors at a major US public university (the total course enrollment was 193;
the number of students attending various activities varied through the semester). There were two
55-min lectures, one 80-min recitation, and a 3-hour lab per week. There were two midterm
exams and one paper-and-pencil final exam and final lab exam. All students learned through the
same ISLE approach in large room meetings and in smaller recitations. The lab sections were

split into two groups: design labs (4 sections) and non-design labs (4 sections). Students



registered for the sections in March of the previous academic year. In the previous years we
found no difference in performance of lab sections on exams, thus we can assume that during
the experimental year the student group distribution was random. During the semester, students
were not informed about the study. At the end, we disclosed the procedure and students signed a
consent form allowing us to use their work for research.

To make sure that the design group and non-design group were equal in learning ability, we

administered Lawson’s test of hypothetico-deductive reasoning in the first lab session
(Lawson,1978). Coletta and Philips (2005) found that student’s learning gains are strongly
correlated with their scores on this test. Our lab sections were statistically the same. To ensure
that the treatment was the same too, we used the same three instructors to teach the labs. Two of
the instructors taught one design and one non-design section and the third instructor taught two
of each. All instructors were members of the PER group, highly skilled in the interactive
teaching.
Experimental group: Design labs (4 sections) Students in the experimental group had ISLE
design labs described above. They had to design their own experiments. The scaffolding was
provided through handout questions that focused their attention on the elements of the scientific
process: representing the situation, deciding on the experiment, analyzing experimental
uncertainties, etc. Students used self-assessment rubrics to help them write lab reports. A sample
handout for one lab experiment is provided in the Appendix. The instructors did not help
students design experiments and when students had difficulties, they asked questions and
provided hints but did not answer students’ questions directly.

At the end of each experiment students had to reflect on the purpose of the experiment, its
relationship to their everyday experience, and its place in an overall scientific process. Lab
homework that students did after each lab contained reading passages with reflection questions.
Student had to analyze stories about historical developments of several scientific theories and
applications such as the nature of AIDS, prophylactics, and pulsars. They had to identify the
elements of scientific inquiry that are present when scientists answer new questions or apply
knowledge. The purpose of the passages was again to help students reflect on the common
elements of a scientific investigation.

Control group: Non-design labs (4 lab sections) Students in the control group used the same

equipment as in design labs and performed the same number (sometimes even more)



experiments. The lab handouts guided them through the experimental procedure but not through
the mathematics. Students had to draw force diagrams, energy bar charts, and other
representations to solve experimental problems but they did not need to think about theoretical
assumptions — these were provided to them in the text. These non-design labs had homework as
well—mostly physics problems that prepared students to do the next lab. The instructors taught
the labs differently. They provided an overview of the material at the beginning of the lab and
then later if students had questions, they answered these questions.

To ensure that students’ and instructors’ behaviors were indeed different in the labs, a trained
observer used the method described by Karelina and Etkina (2007) to keep track of the time
spent by a group of students on different activities. The observer sat with a group of students for
a 3-hour lab timing recording everything that students did. Students’ behaviors were then coded
using a coding scheme described in Karelina and Etkina (2007) which, in turn, was based on the
work of (Lippmann et al. 2002 and Lippman Kung, Danielson and Linder, 2005). The coding
scheme had 5 codes: making-sense, logistic, writing, instructor help, and off-task (see table I).
During sense making episodes students are talking to each other, working on figuring out the
answer, and holding a coherent conversation. During the logistic mode students gather
equipment, operate equipment, collect data, read, and write. An off task mode involves the time
intervals when students are not directly engaged in the lab task.

The observer was trained during 4 lab sessions with the researcher who participated in the
devising and validating of the coding scheme. After they achieved a 84% agreement on the
codes before the discussion ad 100% after the discussion. Then the observer began observing the
lab groups by himself.

TABLE I. Codes for observations of lab behaviors

Making | Discussions about physics concepts, experimental design, the data, and the
sense questions in the write-up.

Writin Describing the experiment, recording data, calculating the values, and explaining
9 | the results

Procedure | Gathering equipment, mounting set-up, and taking data.

Instructor Listening to the instructor who was explaining and answering their questions
(TA) hel (non-design group) or interacting with the students helping them answer their own
P questions (design group).

Off-task | Any activity that did not relate to the laboratory task.




The observer “timed” one design group and one non-design group each week, observing
20 3-hour labs.

Assessment of student learning of physics and acquisition and transfer of scientific
abilities

We assessed student learning by their performance three paper-and pencil course

exams (2 midterms and one final) and on two transfer tasks. Course exams had a
multiple-choice portion and an open ended portion (3 problems per midterm and 5 on the
final). During the comparison, the score on the Lawson’s pre-test was held as a covariate.
Thus the results are for the students matched by their pre-test score.
Transfer to Physics To assess how students transfer scientific abilities to an unfamiliar
physics content in the same functional context (classification by Barnett and Ceci, 2002),
we developed a lab task where both groups designed an experiment and wrote a lab
report. In contrast to regular labs that students performed during semester, this particular
task was identical for the experimental and the control groups. The task involved drag
force in fluid dynamics. This physics content was not covered in the course. To minimize
the spreading of information among the students we developed four similar versions
(Appendix). Students were provided some necessary and some redundant information in
the lab handout and had access to textbooks and the Internet.

The students performed this task during the lab (3 hours) on week 13 of the semester.
Prior to this, they performed 10 labs. The lab sections were spread from Wednesday to
Friday. Four experimental sections had labs on Wednesday and Thursday morning;
control sections had the lab on Thursday afternoon and Friday morning. Eighty nine
students in each group attended the drag force lab. During each lab section the same
observer recorded the behaviors of one randomly chosen group. Thus we have eight 3-
hour observations for this part of the study.

Transfer to Biology The second transfer experiment involved a biology task that was
given as the final lab exam for the course in week 14. Both the experimental and the
control groups had to design an experiment to find the transpiration rate of a certain
species of plant and subsequently to write a report detailing their experimental
procedures, calculations and conclusions. The exact text of the assignment is in the

Appendix. This particular biology problem was selected because: a) measuring
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transpiration is a task simple enough to complete for students with very little plant
physiology background; b) students can use multiple measures to determine transpiration
rates which gave them some room for inventiveness, evaluation and decision making; and
¢) students are more willing to accept a biology assignment as a final exam for their
physics lab if they perceive that there is a physical basis (evaporation and osmosis)
underlying the biological process of transpiration. This last feature of the task as well as
the similarity of the contexts may have facilitated the transfer of scientific abilities.

Lab handouts provided definitions of transpiration and humidity and also included a
table with saturated vapor density or water as a function of temperature (the course did
not cover humidity at all). In addition, the students could consult the internet.

During the practical exam students in each lab section worked in the same group of
three or four as they did during the semester. As during the semester, students submitted
individual reports for grading. The four experimental sections had the exam earlier in the
week than the control sections. Again, the same observer recorded the behaviors of one
group in each lab section. The groups were chosen randomly. This yielded another eight
3-hour observations.

When the exam was graded students from both groups received scores that reflected
their performance relative to the standards for two different kinds of labs. This was done
with the purpose of not punishing students for being in the control or the treatment group.
Thus the grades for the groups purposefully did not reflect the difference. After the
semester was over, the researchers used the scientific abilities rubrics to code student
work.

Sources of data for the study
For the study we collected the following data:

1. All students’ scores on Lawson reasoning test before the course started. (Lawson,
1978).

2. Observations of student behavior during labs 1-10 of the semester (20
observations, 10 randomly chosen student groups in the experimental sections and
10 in control sections).

3. Students’ rubric scores (for the students in the experimental group) on relevant

abilities during the semester based on the rubrics.
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4. All students’ scores on the lab practical exam on matching problems for both
groups.

5. All students’ scores on regular exams that included multiple choices and open-
ended questions (2 midterms and one final exam).

6. Observations of student behavior during the physics transfer lab and bio transfer
lab (8 experimental and 8 control groups).

7. Student rubric scores for the physics transfer lab and bio transfer lab.

Findings
Observations of student activities in the labs: The observer found that students in
design labs on average spend more time making sense of the experiment and writing the

results (see Table II).

TABLE Il The average time in minutes that students spent on different activities in the
labs: SM-sense making; Writ.- writing; Proc.-Procedure; Rd. —reading; TA — TA help;
OT — off task.

Design group

Sense Writing Procedure Reading | Instructor | Off Total

Making (TA) help | task
Labs | 37 66 24 5 18 8 159
1-10
s.d. |10 12 13 1.7 16.0 9.2 259

Non-design group

Labs | 14 41 20 4 17 2 96
1-10
sd. |84 15.1 10.7 3.2 12.8 1.4 30.8

The biggest difference between the groups was in sense making. Not only students in the
design group spent more time making sense, but within the time spent on sense-making,
the distribution of discussion issues was different for the two groups. We coded instances
when students discussed the issues of design, the physics concept involved, the
mathematical procedure, assumptions inherent in the mathematical procedure,
experimental uncertainties, and revisions of the experiment based on the outcome. We
found that students designing their own experiments spent the highest percentage of
sense-making time discussing issues associated with the design, whereas the non-design

group spent most of its sense-making time discussing the mathematical procedure. In
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addition, in the non-design labs there was no time spent on the discussions of assumption
or uncertainties, as these were described in the lab handout. These findings are very
similar to our findings for student behaviors in non-design labs in a different course
(Karelina & Etkina, 2007). We believe that they accurately describe how students spend
time in traditional introductory labs. With respect to the total time spent in the lab,
whereas the design student teams spent close to 3 hr in lab on average throughout the
semester, the non-design student teams spent much less time, and this time decreased on
average toward the end of the semester. Overall, by the end of the semester the design
student teams were spending much more total time on average in the lab and a greater
percentage of the total time on sense-making compared to the non-design students.

Although the lab was 3 hours long, non-design students chose to leave early.

Acquisition of normative science concepts

With regard to the normative science concepts that were assessed via multiple

choice and free-response exam questions and problems, students in the design and
non-design groups performed similarly on both midterms and the final exam: Midterm
Exam 1, F(1, 182) = 0.25, p = 0.62; Midterm Exam 2, F(1, 180) = 1.31, p=0.25;

final exam, F(1, 180) = 0.45, p = 0.502 (to make three contrasts, we used the sequential

Bonferroni correction, critical value of 0.017;).

Acquisition of scientific abilities We scored the lab reports of the students in the
experimental group using relevant rubrics for all 10 labs of the semester. The scores were
validated through the following procedure: For each lab three trained scorers
independently scored 2-3 students’ lab reports using the chosen rubrics. Then they
discussed the discrepancies in the scores to make sure that the details of the particular
labs are taken into account. Then they scored additional 7-10 randomly chosen lab reports
until they achieved an agreement on more than 85% of the given scores (actually for
many labs the scorers achieved almost a 100% agreement after the second scoring). Then
each rater scored additional 15-17 reports. A deeper description of this part of the study

can be found in Etkina et al., 2008, here we only provide the summary of the findings.
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Uncertainties. In the second laboratory of the semester, 60% of the students were able to
identify the sources of the uncertainty in their measurements and calculated values
receiving scores 2 and 3 on the relevant rubric. As the semester progressed, students
improved on this ability so much that during regular laboratory 10 all students received
scores of 2 and 3. However, evaluating uncertainty, specifically determining its value by
writing the result as an interval, turned out to be a much more difficult ability to acquire.
Students started lower on this ability (about 50% of them received scores 2 or 3 on this
ability at the beginning of the semester) but their performance grew steadily; however, by
the end of the semester they achieve almost the same level as on the ability to identify
sources of uncertainty, however this number fluctuated and depended on the content and
the number of experiments in a particular lab. The results show that the number of the
students who could write the result as an interval instead of just one number almost
doubled over the course of the semester. The final percentage of students who mastered
the ability at the level of 2 or 3 was almost 90%.

Assumptions. Students started a little lower on this ability — around 40% of them received
the scores of 2 or 3 on this ability at the beginning of the semester. Here, again, we see
the scores almost double (around 80%) by laboratory 5 and then oscillate around this
higher number. The ability to evaluate the effects of assumptions appeared to be a much
more difficult ability than to just identify the assumptions. Students started around 35%
and continued to improve on this ability till the end of the semester never reaching the
maximum percent around which the scores would oscillate at it happened to the two
abilities described above.

Overall we can say that the findings indicate that the time that it takes for the
students to demonstrate mastery in the exercise of scientific abilities depends on the
particular ability. On average, most students need a time interval of around seven weeks
to develop the majority of the abilities at an acceptable level as judged by the rubrics.
However, some of the abilities necessitate a longer learning time, such as the ability to
evaluate uncertainty or the ability to evaluate the effects of assumptions. We observed
that after a certain number of weeks, the scores no longer continue to increase at the same
rate but reach a plateau; we call this phenomenon saturation. The saturation level is quite

satisfactory for all the abilities; in most cases, around 70% - 80% of students demonstrate
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a particular ability. Most difficult abilities to develop (such as the ability to describe the
role of assumptions) never attained this saturation.
Students Performance on Transfer Tasks
Physics transfer task

Observations of student behavior: The observations showed that there was a remarkable
difference in the behavior of design and non-design students during the drag force lab.
First we noticed that the lab took significantly more time for design students. Although
the lab tasks were the same, the design groups spent on average about 40 minutes more
time in lab room then non-design students. The difference between the lab duration
(162+17 min and 120+25 min) is statistically significant (p = 0.038). The main
contribution to this difference came from time spent on sense-making discussions. The
sense-making lasted about 52+10 minutes in design groups and only 15+5 minutes in
non-design groups. This difference is statistically significant with the level of
significance p = 0.0007. The time students spent on other activities was about the same
for both groups. There was a slight difference in the time for writing and instructor’s help
but based on our data we cannot say that this difference is significant.
General impression: The difference was not only in the time spent on the task. The
quality of work was also different. Below we show two examples of the lab reports of
two groups of students: one of the best non-design groups and one of the best design
groups.
Non-design lab report (Task: version 2)
Determine the velocity of the balloon when air resistance and gravitational force are
equal

- place the motion detector on a stand

- place the sensor face downward

- place the helium balloon on the floor

- release the balloon as the motion detector collects data

- on the position-time graph find constant slope segment

- repeat twice more

- find the average velocity

- ...determine Reynolds number. You should get a value larger than 10.
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- use the equation to solve for drag coefficient ...Cd=0.51

- now repeat this procedure for air filled balloon. Make sure to drop the balloon
from the level of the motion detector...

- air filled balloon - Cd=0.61

Drag coefficient for air and helium are indeed different.

Design lab report (Task: version 4)

Part I. We need to know which equation to use based on the Reynolds number...To find
the velocity we will have a motion sensor above the helium balloon. The balloon will be
released and the motion sensor will measure its upward velocity. Here is picture of the
set-up. The chart is attached

We took the velocity 3 times and averaged to allow for random uncertainty....

When the balloon is let go the velocity increases until it reaches terminal velocity, here
the net force is zero and acceleration is zero.

When balloon is at rest the net force on it is equal to zero too. Here are two force
diagrams for balloon at rest and at terminal velocity. The buoyant force is always the
same. Therefore the drag force is equal to the force of the string attaching the balloon to
the scale... Cd = 0.43

Assumptions: balloon travels in straight path, balloon is point particle, cross-section is
circle, cross-section is level. Uncertainties are evaluated: diameter, scale, motion
detector and random uncertainty of the velocity.

Part II. Prediction (of the speed of the air balloon falling to the ground)

When the air balloon falls it reaches terminal velocity drag force equals the force of the
earth. Here are two force diagrams for balloon at rest and at terminal velocity ... We can
use the equation ... to get the velocity: V= 0.438+0.021m/s (the final result incorporates
uncertainty)

We will have a motion sensor aimed down and drop a balloon below it. It will record the
velocity of the air balloon before it hits the ground. The student draws a picture here.
Assumptions: 1. Balloon achieves terminal velocity — otherwise Fe#Fd; 2. Re>10 —
otherwise Fd equation is wrong 3. Cd is the same for air and helium — otherwise

calculated velocity will be wrong.
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V was measured and averaged over 3 trials (1.476, 1.02, 1.153). V=1.216+0.228m/s
The values do not overlap and therefore are not equal. Some assumptions must have been

incorrect.

Scientific abilities rubrics: Reading of the lab reports revealed the features that made a
difference in the performance of two groups. The quantitative analysis of the lab reports
supported the general impression on students’ performance. There were significant
differences in the lab reports of design students and non-design students. Design students
demonstrated significantly better scientific abilities than the non-design students.
Evaluating the effect of assumptions: Fifty seven design students (more then 60%)
received score 2 or 3. This means that they identified relevant and significant
assumptions of the theoretical model that they used, whereas only a few non-design
students did. Most design students who identified assumptions also evaluated their effect
on the result or validated them. Not a single student in non-design section made an
attempt to do this.

Evaluating effect of uncertainties: During the semester non-design students learned how
to identify sources of uncertainties and how to evaluate their effect on the final answer.
But only 11 of them (12%) got score 2 or 3 and transferred this skill in the independent
experimental investigation. More then 50% of design students evaluated the effect of
experimental uncertainties in this lab. The difference between the groups is statistically
significant (Chi-square = 30, p<0.001)

Evaluating the result by means of an independent method. A high score on this rubric is
possible only when a student discusses the discrepancy between the results of two
methods and possible reasons of this discrepancy considering assumptions and
uncertainty. As a result design students demonstrated a higher ability to evaluate the
result. About 64 of design students (72%) got score 2 or 3, i.e. discussed the reasons for
the discrepancy while in non-design sections only 38 students (43%) did. The difference
between the groups is statistically significant (Chi-square = 16, p < 0.001).
Communication: This ability includes an ability to draw diagrams and pictures, describe
details of the procedure, and to explain the methods. The analysis of lab reports shows

that more then 60% of design students drew a picture while only 8% of non-design
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students did. The difference in student scores on the communication is statistically
significant (chi-square = 60.6, p<0.001).

Understanding of physics: Our analysis of the lab reports revealed another interesting
feature. Students from different sections demonstrated a different quality of drawing
force diagrams in spite of the fact that during the semester all students learned to draw
force diagrams the same way. In this lab about 22% of non-design students draw
incorrect force diagrams, (i.e. mislabeled or not labeled force vectors, wrong directions,
extra incorrect vectors present, or vectors missing), while only 2% of design students
made a mistake in force diagrams. This difference is statistically significant (Chi-square
=18, p<0.001).

In addition, we analyzed the consistency of different representations in student work
(force diagram versus mathematics, a picture versus a force diagram, etc.). We found a
difference in the number of students who created inconsistent representations: 22% of

design students versus 44% of non-design students (p<0.025, chi-square = 7.8).

Biology transfer task
Observations of student behavior Similar to the behaviors demonstrated during the
physics transfer lab, during the biology lab teams of “design students” spent more time
completing the same transfer task than the teams of “non-design students”. It took an
average of 23.5 minutes more for the design team to finish their reports. However this
difference (176+26 min and 153+26 min) is not statistically significant (p=0.1221). There
was a significant difference (p=0.0026) between the time duration that the subjects spent
on sense making. It was 42.75+9.84 minutes for design teams and 19.75+4.50 minutes for
non-design teams. In addition, design students spent more time writing their reports and
less time receiving help from the instructor; however the differences were not significant
(p=0.166 and p=0.061 respectively).
Differences in lab reports: In addition to the differences in the amount of time that the
two groups spent on sense making, we found differences in the quality of students’ lab
reports. Non-design students’ reports tended to be shorter on average. They included
fewer detailed descriptions of the procedures and fewer pictures and diagrams. Moreover,

the reports of non-design students rarely contained any explanations of the advantages
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and limitations of the methods used, or any justifications for the choice of the approaches
and procedures.

Identifying assumptions and evaluating their effects: 91% of the non-design students
showed no evidence that they had tried to identify the assumptions implicit in their
procedure and calculations. Only 6% of the design students were in the same group. We
used two rubrics “the ability to identify assumptions” and “the ability to determine
specifically the way in which assumptions affect the results” to score two different
experiments that students described in the reports. In order to compare the two groups we
added the four scores (two per each experiment) and analyzed this aggregate score
statistically. [We followed similar procedures when studying the students’ abilities to
analyze and minimize experimental uncertainties and their abilities to represent and
analyze data.] The difference between the two groups was statistically significant (Chi-
square=119.9, p<0.001). More than half of the design students (53.3%) tried to evaluate
the effects of the assumptions that they made on the result or they actually validated their
assumptions. Not a single student in non-design group even attempted to do this.
Identifying, evaluating and minimizing uncertainties: Both groups of students had to
evaluate uncertainties during the semester labs. However, the design group had first to
identify the uncertainties, evaluate them, and then to figure out how to minimize them.
The instructions in the lab handouts in non-design labs included the descriptions of the
sources of uncertainty and the minimizing procedures. During the bio practical lab 83.3%
of the design students were able to identify correctly most of the uncertainties; 75% of
non-design students did not identify any of them. The difference is statistically significant
(chi-square=94.49, p<0.001).

Evaluating the result by means of an independent method: When conducting experiments
to solve experimental problems during the semester, students in both groups were taught
that it was important to perform two independent experiments, to compare the results
using experimental uncertainties, and to discuss the possible reasons for the difference.
However, only 5.4% of the non-design students evaluated correctly the results including a
discussion that referred to both uncertainties and assumptions, while 39% of design

students did. (Chi-square=42.25, p <0.001).
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Recording, representing and analyzing data appropriately: Most of the lab reports from
both groups received scores of 2 and 3 on this ability for the two experiments. However,
design students received a perfect or almost perfect score twice as often as non-design
students. The two groups were significantly different (chi-square=28.05, p<0.001).
Communication: The statistical analysis of student scores on this ability shows that 56%
of the non-design students had serious problems describing their experiments while only

17% of the design students did. (Chi-square=41.645, p<0.001).

Discussion

This paper described several investigations that were conducted in an introductory
physics course for the students who will not have any more physics courses at the
university level. We showed that with proper guidance these students develop several
important scientific abilities over the course of 5-7 weeks and they later transfer these
abilities to new physics content and to biology. We also found that engaging students in
experimental design when they sometimes come up with “wrong” solutions and do not
practice solving traditional physics problems does not hurt them in terms of the
acquisition of normative physics knowledge. However, they benefit significantly in terms
of persistence and ability to approach new problems as scientists.

The studies reported in this paper show that students who design their own
experiments in a physics lab and engage in activities that focus their attention on the
elements of scientific investigation, acquire scientific abilities and are able to transfer
them to a new content area in physics and to biology better than students that follow
directions in laboratory handouts. Both the learning tasks and the transfer task took place
in a very similar context: the same course and the same room but weekly laboratory
investigations as opposed to the lab exam. We found that design students were
significantly better than non-design students in the ability to identify assumptions and
evaluate their effects; the ability to identify the sources of, evaluate the effects of, and
minimize uncertainties; the ability to record and analyze data; and the ability to
communicate. These abilities were measured by scoring students’ lab reports using the

“scientific abilities” rubrics.
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During both physics and biology transfer tasks design students spent more time on
sense—making (an average of 30 min more than non-design students in both transfer
experiments). That is probably why the reports of design students reflected a more
thoughtful take on the task, as they contained more explanations, evaluations, and
justifications of the procedures that students selected. What is important here that both
groups had the same amount of time allocated to the task, but the group with the students
previously engaged in design chose to spend all of the time while non-design group chose
to leave. This shows that students in the design group developed a higher level
persistence in accomplishing the task than the students in non-design group.

We also found that non-design students’ reports resembled their lab handouts.
They gave step-by-step instructions with scarce explanations, rarely showed their
reasoning, and did not try to justify the validity of their methods and procedures. Design
students tried to satisfy the usual lab requirements: they described the procedure, drew
pictures, explained the reasoning, analyzed data, and evaluated results. The quality of
force diagrams and the level of representation consistency indicate that design students
paid more attention to physics understanding and logical reasoning during the lab than
non-design students. One explanation is that during the semester, design students had to
reconcile different aspects of the phenomenon and had to make sense of their activity
more often then non-design students. That could lead to the higher scores on the rubric
evaluating the ability to communicate.

The above results seem to indicate that the design of experiments promotes a
more profound and meaningful approach toward laboratory investigations in a particular
physics course and possibly in science in general. This new approach promotes in turn
the transfer of scientific abilities because students understand their purpose. For instance,
uncertainties are not fastidious drill exercises at the end of every experiment but are
instead a requisite needed to arrive at well-founded conclusions. The results of this study
have a special relevance since introductory science should introduce the practices the
scientific community to students. Students need to assimilate the language, methods and
quality standards of scientists. The goal of introductory physics courses must be not only

to facilitate the learning of physics concepts and their relationships but, equally
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important, to teach the process and nature of physics through the students’ actual practice
of the scientific inquiry.

Design students significantly outperformed non- design students in other
scientific abilities such as the abilities to analyze data and the ability to identify
theoretical assumptions. During the semester design students learned that it was
impossible to evaluate the results of their investigations adequately without considering
assumptions and uncertainties. The non-design students did not consider evaluating the
uncertainties as an important part of the lab, although it was a routine procedure during
the semester.

In summary, we found if students consciously plan, monitor, evaluate and reflect
on their actions, transfer occurs.

Appendix
Complete text of the physics transfer task: Investigation of the behavior of the
balloon
Equipment available: a balloon filled with helium, a balloon filled with air, meter stick,

measuring tape, stop watch, motion detector, computer, additional resources.

Version 1: You hold an air balloon and a helium balloon. Design experiments to
determine which physical model best explains their motion if you release them: the
model with no air friction, the model with viscous flow or the model with turbulent flow.
Version 2: Design an experiment to determine whether a helium-filled balloon and an air-
filled balloon have the same drag coefficients.

Version 3: Use the air balloon to determine its drag coefficient. Then predict the speed of
the helium balloon when it reaches the ceiling.

In your report describe the experiment, your analysis and judgment so that a person who
did not see you perform the experiment could understand what you did and follow your
reasoning.

Complete text of the biology transfer task: Transpiration rate:

Conduct two experiments to determine transpiration rate using stem cuttings from a
single species of plant. Available equipment: water, beaker holding plant cuttings,
parafilm, tubing, ring stand, graduated pipette, timers, humidity sensor, cup, cup with

hole, scissors, and two droppers.
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Introduction

The interrelation between mathematics and physics as most strongly intertwined subjects
were since long in the focus of philosophers and researchers. As the "prototype" of science,
physics is based on a twofold foundation: on experiments with data on the one hand and on
theories, models and quantitative predictions on the other hand (see e.g. Dirac 1939). The
interplay of empirical and mathematical elements is most subtle and shall not be discussed
here in detail, (see e.g. Kuhn 1976). However, the mathematical description of natural or
technical phenomena in its different forms is of high relevance for physics education and as
such forms the background of the contributions in the Symposium.

The starting point is that mathematical elements are used throughout physics, from taking
data in experiments and representing them, up to systems of differential equations together
with their interpretation constituting a theory. All this finds its correspondence with
increasing level of abstraction during a physics course at school or university requiring the
development of formal thinking with the students on all levels and especially right from the
beginning. Accordingly, in this paper by the term "mathematics in physics" we do not only
understand formulae, i.e. the algebraic representation, but also graphical representations e.g.
of experimental data. In this sense it becomes obvious that mathematics besides its content
related role characterizes the physical method and the way of gaining knowledge in physics.
In addition, there is consent that in physics education not only the content knowledge
should be taught but also the nature of science comprising the processes that lead to new
insights and the significance of physical knowledge with respect to the real world, e.g. in the
role of models. Concerning the nature of physics the mathematical formulation of physics
relations and laws plays a central role, because of the possibility of predicting and its
reasoning potential. This leads to the conviction that for an adequate conveyance of physics
and even more the nature of physics, an insight into the relationship between mathematics
and physics is a necessary element of any course in physics education. The focus of the
Symposium was to highlight this educational aspect from different perspectives.

Contributions to the Symposium

(1) Mathematics in physics: Upper secondary physics students’ competency to
describe phenomena applying mathematical and graphical representations
Qystein Guttersrud, Carl Angell

(2) Translating between Mathematics and Physics: Analysis of Pupils' Difficulties
Olaf Uhden, Gesche Pospiech

(3) Utilising technology to develop a collaborative approach to the teaching and
learning of physics and mathematics in second level education in Ireland
Jennifer Johnston, Méaire Ni Riordain

(4) Students’ use of mathematical representations: solving problems in kinematics
Silvia M. Pérez, M. Celia Dibar Ure

(5) Mathematics in physics lessons: developing structural skills
Ricardo Karam, Gesche Pospiech, Mauricio Pietrocola



(6) Building quantum formalism in upper secondary school students
Alberto Stefanel, Marisa Michelini, Lucio Santi

(7) The mathematics as a resource in understanding the peculiar characteristics of
magnetic field
Stefano Vercellati, Carlo Cecchini, Marisa Michelini, Alessandra Mossenta, Lorenzo
Santi

(8) The interplay of physics and mathematics in a graduate quantum mechanics
course for physics teachers
Bat-Sheva Eylon, Elisheva Cohen, Esther Bagno,

Theoretical Background

Analysing the relationship between mathematics and physics from an educational
perspective implies that several aspects have to be distinguished, allowing for a didactic
reconstruction (Kattmann et al, 1997). In the process of didactic reconstruction the internal
logic of subject matter and the learner perspective are being brought together in order to
design an appropriate learning path.

In this sense the analysis of the general relation between mathematics and physics as it is
seen by physicists, mathematicians and philosophers of science is the basis of any teaching
concept. In order to pursue the aim of teaching the nature of science the fundamental and
multifaceted role of mathematics in physics has to be carefully analysed. The philosophical
viewpoint together with the experimental aspect and the technical role of mathematics have
to contribute to providing the students an insight into the whole of physics.

The second aspect in a teaching concept takes into account the starting point of students,
their abilities and possible difficulties as well as their interests. Here the practical and the
philosophical aspects of mathematics in physics are being mirrored: Students have to cope
with the technical tools - graphs and formulae - and they also should develop some insight
into the structural role e.g. by interpreting formulae or recognizing analogies in the
mathematical formulation of physical laws in different areas of physics.

An analysis along these lines then should lead to suitable teaching-learning sequences.

Relation between Mathematics and Physics - practice and theory
This broad and vast area we cannot elude in complete detail. Important for our purpose is an
analysis of the different functions mathematics can have in physics from an educational
perspective. On the basis of a substantial analysis of the philosophical background there
were identified - besides the technical role - aspects of the structural role of mathematics
relevant for teaching, (Pietrocola 2008). The structuring function of mathematics allows for
formulating models of physical processes in a universal language. The resulting predictive
power has two aspects: supporting experiments with numerical analysis (numerical
predictions) and the finding of new phenomena e.g. by structural predictions. Indeed the
comparison of theoretical predictions with experimental results lies at the heart of physics
and brings forward research in physics. An insight into this process should make it worth
for students to engage in the use of mathematics in physics lessons. The comparison of
prediction and experimental outcome is part of scientific inquiry and makes students aware
of the nature of physics as an idealizing and modelling science. Stressing the structural
predictions enables logical reasoning. As a whole teaching the role of mathematics in
physics faces two problems: supporting a functional understanding of a physical law as well
as an insight into the general significance of mathematical statements for physics, showing
analogies and similarities between different areas of physics. The first aspect also includes
the practical use of mathematics in thoughtful calculating, arriving at simple quantitative
results or in the interpretation of graphs. Apart from theoretical considerations physicists



use mathematical elements in a very pragmatic manner. Also this aspect is not to be
neglected: students may develop interest in the possibility of quantitative predictions
yielding interesting, possibly everyday related results (Pospiech, 2009).

On the other hand, mathematics also serves as a communicative means (Krey 2009), be in
graphs or by formulae which uniquely establish a physical law. The mathematical elements
represent a universal footing on which a physics discussion can take place and which gives
students a concrete basis for understanding.

Role of mathematics in physics education - the learner perspective

Besides the statements that mathematical elements are important for physics and the
general idea that mathematics seems to constitute an additional difficulty for students there
are only few studies highlighting precisely the ways students use and think about
mathematics in physics (see e.g. Sherin 2000). In the last years physics education research
focussed on conceptual understanding and on establishing promising methods for better and
more effective teaching. One important aspect was the thorough understanding of physical
concepts as e.g. force, energy, heat or the particulate model of matter. In this connection the
mathematical elements graphs and formulae played a very different role. Whereas graphs
were considered an important tool for depicting experimental data and evaluating them, a
focus on formulae was considered as hiding physical relations because the students normally
just plug in numbers. Furthermore, teachers often complain that students do not have
sufficient mathematical abilities in order to handle the physical equations. Besides those
general assumptions readily made by teachers on all stages there is only few research on the
precise nature of the observed difficulties and nearly nothing about possible causes with
school students. Most studies about problem solving in physics analyse the proceeding of
college students and there are only a few studies about the graphical abilities of children
from primary school (e.g. Hardy et al. 2005). The strategies in physical problem solving
followed by university students were analysed by Tuminaro (2007), who identified six
different so called "epistemic games" of different complexity.

In the following we will describe the different research results presented during the
Symposium and show how they contribute to the answering of the research aims.

Research Perspectives of the Symposium

Both described aspects of the didactic reconstruction define research desiderata. On the one
hand the overall goal is to analyse in more depth central aspects of the mathematical
constructs in physics as a basis for constructing a learning path way. On the other hand the
learner perspectives of different age groups need a thorough analysis. In the following we
define four questions and describe how the contributions to the symposium fit into the
outlined framework and which questions they address.

Can the structural role of mathematics be conveyed?
The ultimate goal is that students understand the interrelationship between mathematics
and physics as deeply as possible. Beyond the technical aspects such as doing concrete
calculations they should acknowledge the role of mathematics as the language of physics as
it shows itself e.g. in analogies or in similar mathematical formulations in different areas.
Therefore they have to learn the structural role at several examples. This seems quite an
ambitious aim in a school physics course. But in university courses this aspect gains much
importance. Karam (contribution 5) analyses in his paper how a distinguished university
teacher stresses the structural role of mathematics in physics at the example of
electrodynamics and special relativity. In these lectures there can be identified different key
techniques of clarifying to students the roles of mathematical tools in physics, its powers



and its limits. The pattern of different aspects of mathematization should shed light onto an
optimal teaching strategy.

An example for the interplay of fundamental mathematical structures and their implications
for physical understanding beyond simple description is carried through with the example
of the magnetic field by the group from the University of Udine (contribution 7). The
transformation properties of so-called axial and polar vectors give rise to a deep lying
clarification.

Both aspects, understanding in great detail the mathematical-physical structure of the
problem at hand and the careful development of formal thinking with students go hand in
hand. This leads to the second question.

Is constructive interference possible in mathematical-physical understanding?
One of the main questions is whether mathematical understanding can foster physical
understanding. In the constructivist perspective of physics education students have to see
many examples of any new concept they learn. This principle should also apply to the use of
mathematics in physics problems. Hence the hypothesis follows that in order to achieve a
positive influence on understanding the explicit combination of physical phenomena and
formal reasoning has to be a central feature.
An example is presented by Stefanel in contribution 6 in connection with a unit on
quantum physics. This unit is constructed to help the students to better understand the
implications of simple experiments and to give their interpretation a concrete underlying
meaning with the introduction of a mathematical formalism. Here, the mathematical
formulation supports the building of an understanding of the abstract quantum physical
phenomena. In working with formula always the connection to the experimental results is
being stressed.
On the level of teacher education the interplay between mathematical formalism and
conceptual understanding and their respective powers and limitations was exploited in a
course on quantum theory for in-service teachers, described by Eylon and Bagno
(contribution 8). It became obvious that in a teacher course any mathematical formalism has
to have a strong background by relating the formal aspects to the physical concepts lying
behind. Under such circumstances it can further the understanding of physical concepts.
A suitable strategy for constructive interference seems to lie in integrating mathematics and
physics courses. However, because of their different perspectives this can not be
accomplished throughout. Therefore suitable opportunities should be used, (Rath, 2006).

Which role do different representations in their interplay have?

The physical description of the world relies on models which have been found in an process
of abstraction and idealization from reality. Hence every real physics problem has to be
translated into the model world of physics with its concepts. On the way normally different
representations are used, which also seem to play a central role for a physics understanding.
The possible representations range from iconic representations through graphical
representations up to abstract algebraic representations, the formulae, which then have to
be interpreted. As expert physicists use different representations in the solution process of a
problem and change fluently between them adapting to their needs, the question arises to
which extent students use representations, how they change between them and whether
proper teaching could enhance their use.

As the first steps are important for the further development of mathematical-physical
abilities, as pointed out in (Pospiech, 2006), in the view of gradually developing the students'
abilities it appears to be promising to implement the use of different representations quite
early. A very interesting example was presented by Johnston et al (contribution 3). They
developed a short teaching sequence for introducing the physical quantity velocity with a



strong junction of experiment, graphs and formula allowing for visualizing the relations and
engaging the children into the development of the concept. That the formula only arises in
the last step is quite important: First the meaning of the physical concept has to be fixed
before the abstract formula can help in being more precise. This also seems a good example
for a careful joint planning of mathematics lessons with physics lessons in order to have a
good benefit. To make the mathematical relations visible and show concretely their physical
meaning seems a crucial point for understanding physical concepts.

A big study about the representational abilities and their possible development on high
school level through a modelling approach has been performed in Norway by the group of
Angell (contribution 1). It could be shown that all the possible different representations of
physical relations play a central role and are important steps towards mathematisation.

All these results show that further studies to deepen the understanding of thinking
processes of the students on different levels are necessary.

Which are the central difficulties students encounter?
Often it is said, that at the heart of the students' difficulties there are mostly technical skills
mainly concerning handling terms and units. However, often the same students perform
better in mathematics lessons at the same procedures. So we ask in which way exactly these
difficulties arise and whether there is perhaps (destructive) interference of mathematical and
physical difficulties. There are only few and restricted studies addressing this relation, (e.g.
Redish 2005), concentrating on university students. We know of no study analysing in detail
how students at school proceed while connecting mathematics and physics in quantitative
physics problems.
The first results of a study describing how students are performing who already have some
experience with mathematical elements in physics and which difficulties they encounter on
their way is presented by Uhden (contribution 2). His descriptive study closes an important
gap because it enhances the knowledge of mathematical-physical abilities of 15 - 16 year old
students. This study furthers the understanding of the thinking of students and gives more
concrete hints of how to embed mathematical elements in secondary physics education.
Perez et al (contribution 4) studies the interplay of physical and mathematical elements at
an important problem embedded into an everyday context (acceleration and force). She
identifies the strategies university students take in the solution process with a focus on the
use of representations and meta-cognitive skills. Besides some expected solving steps she
finds also unexpected arguments of students hinting to typical strategies.

Conclusion

The Symposium was a step forward to bring together people from different countries
attacking these problems. It showed that there are many approaches into this complex area
which were linked together during the symposium. It became obvious that only the very
detailed analysis of learning and teaching, which recently has begun, can lead to a fruitful
use of mathematical elements in physics education. To develop and evaluate appropriate
strategies for teaching will be one of the next big tasks.
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Abstract

Physics, more than the other sciences, tends to use modelling as a research tool.
Contemporary physics research is basically concerned with developing and
improving mathematical models, from the atomic nucleus to the universe.
Developing and comprehending models of physical phenomena involves working
with multiple representations as conceptual, pictorial, graphical and mathematical
representations.

Based on data from an achievement test assessing students’ ability to describe
phenomena using among others graphical and mathematical representations, we
empirically derived benchmark descriptions of physics students’ mathematical
modelling competency. By using a questionnaire and focus group interviews we
further investigated students’ ideas about and their experiences with mathematical
and graphical representations in physics.

Introduction

It may be argued that physics, more than the other sciences, tends to use modelling as a
research tool. Within many branches of current physical sciences, research is essentially about
developing and improving models — usually formulated in mathematical language —
describing phenomena such as climate, the atomic nucleus, or the universe (Chonacky, 2006;
Gilbert, 2004; Winsberg, 1999). Models and modelling consequently receive increasing
attention from the science education community as important components of a contemporary
science education (e.g. Gilbert, 2004; Gilbert & Boulter, 2000; GIREP, 2006; Greca &
Moreira, 2002), both because it reflects the nature of physics and because modelling activities
are considered useful for learning physics concepts and processes (see also Hestenes, 1987,
1996; Wells, Hestenes, & Swackhamer, 1995).

Physics has a long tradition for being regarded as a particularly difficult school subject
(Angell, et al., 2004; Carlone, 2003; Osborne & Collins, 2001). We have argued (Angell, et
al., 2008; Guttersrud, 2008) that physics appears difficult because it requires students to cope
with multiple representations and to manage the translations between these (Dufour-Janvier,
Bednarz, & Belanger, 1987). In a project (PHYS 21) in Norwegian upper secondary school,
we applied a conceptualisation of working with physics in terms of multiple representations.
The aims of the PHYS 21 project were to strengthen the use of different forms of
representations, accentuate scientific reasoning in relation to experimental results and
highlight the relationship of mathematics and physics in physics education (Angell, et al.,
2008; Guttersrud, 2008).

The aims of this paper are to explore students’ ability to describe phenomena using graphical
and mathematical representations, and empirically derive benchmark descriptions of physics
students’ mathematical modelling competency.



Methods

Developing physics students’ mathematical competency includes developing their skills to
describe phenomena employing a range of different representations as e.g. mathematical and
graphical representations and their analogous and analytic reasoning skills. We therefore
deduced that assessing physics students’ mathematical modelling competency means to assess
students’ reasoning skills and abilities to interchange between representations of physical
phenomena. The different forms of representation and reasoning processes assessed are
described in figure 1:

Figure 1: The forms of representation and reasoning processes assessed.

Forms of representation assessed

Representation Description

Coneeprual Conceptual representation deals with the concepts used to describe phenomena
inclusive verbal descriptions making the scientific meaning available in the classroom.

Mathematical | Mathematical representation includes equations and mathematical operations on these.

Graphical Graphical representation refers to graphs and other descriptive representations of
variables.

Experimental | Experimental representation refers to all practical approaches.

Pictorial Pictorial representation refers to all kinds of iconographic descriptions except graphs.

Scientific reasoning processes assessed

Type Process Description
" B ] Categorize diagrams, experiments and type of experimental
2 Categorize | error in relation to information provided.
=1
= o Identify shared properties of physics formulas (e.g. linearity).
g Identifv/apply Apply knowledge and general mathematical expressions to
describe physical phenomena. Plot experimental data.
Decide Select from alternative solutions and explanations with respect
to empirical data and evidence provided.
= 1 i 3 P - ~ .
=4 Evaluate Evaluate scientific claims with respect to empirical data and
E evidence provided.
Conclude and | Praw and communicate valid science-based conclusions
communicate | Anchored in empirical dafa and evidence provided. Make and
commumnicate scientific explanations to justify solutions.

The achievement test items, assessing students’ mastery and proficiency in the modelling
area, were accordingly developed to assess interchange between one pair of representations
and one of the reasoning processes. The two dimensions were merged into one scale reporting
on physics students’ mathematical modelling competency. A field trial had been conducted to
ensure test items’ psychometric qualities.

Using “scale anchoring” (Beaton & Allen, 1992), criterion-referred benchmark descriptions
were developed. As suggested by Forsyth (1991) four benchmarks or anchor levels
corresponding to the 90th, 75th, 50th and 25th percentiles of achievement, were selected.
These correspond to the top 10%, the upper quarter, the top half (median) and the lower
quarter of the students assessed.

The questionnaire surveyed students’ perception of the use of multiple representations during
physics lessons.



The focus group study explored students’ meta-perspectives on “model and reality”,
experiences with employing representations during modelling experiments and their views of
hypotheses, laws and theories.

Population and sample size

Physics is an optional subject in upper secondary school in Norway. Our target population
was second year physics students (17/18-year-olds).

A total of 446 students from 15 schools (37 % females) responded to the achievement test and
questionnaire. Using two single-gender focus groups at each of three schools, 30 students (50
% females) were interviewed.

Results

The benchmark descriptions developed (figure 2) suggest that 29% of the students assessed
seem to possess analytic reasoning skills (students who perform at or above benchmark 3).
Only 13% of the students assessed seem to be able to describe phenomena employing
quadratic mathematical expressions (students who perform at or above benchmark 4). A more
serious problem is that 43% (students who perform below benchmark 2) seem to have
problems describing phenomena employing first order expressions.

Based on our benchmark descriptions we may assert that students at or above benchmark 3
(29% of students assessed) possess central reasoning processes and abilities to cope with
multiple representations, while students below benchmark 2 (43% of students assessed) have
incomplete skills in mathematical modelling as assessed by the achievement test developed.

Figure 2: Benchmark descriptions of mathematical modelling competency

4 Possess skills to read the scientific story enclosed in quadratic equations (physics
Advanced | formulas) and know how the constants ¢ and ¢ in the general expression y = ax® + bx +
¢ determine the shape of the parabola. Are able to assign variables and general
constants in first order expressions a physical interpretation.

3 Possess analytic reasoning skills and abilities to link constant physical quantities to
High horizontal lines in diagrams. Are able to explain, based on uncertainty in
measurements (error bars), which line best fits a set of experimental data plotted into a
coordinate system.

2 Are able to relate general constant expressions (y = a) to horizontal lines in diagrams
and read the scientific story enclosed in first order equations (physics formulas).
Possess skills to export a set of experimental data into a coordinate system and plot
dependent (effect) as a function of independent (cause) variable. Are able to select,
from a list, which experiments to collate to test a given hypothesis.

Intermediate

1 Possess analogous reasoning skills and abilities to relate general first order
mathematical expressions (y = ax +b) to sloped lines. Are able to operate in the
abstract world.

Low

Questionnaire items assessing the use of different forms of representation during physics
lessons indicate that different representations of physical phenomena more often appear
“isolated” than connected into “holistic ideas”, and that the practice of paying attention to
students’ own intuitive ideas varies more across classrooms than the attention drawn to the
“correct scientific ideas” — the scientifically correct representations.




As it seems to be a great unexploited potential in building scientific stories in interplay
between representations, a lot of students may consequently be left with unconnected,
unstructured and hence unstable sets of representations or “pieces of knowledge” (diSessa,
1993). Students may hence be less able to comprehend and make use of the scientific model
taught.

Example from the achievement test

Some students wanted to study how the melting of ice around The South Pole and in the areas around
The North Pole influences the sea level.

The students filled a glass (Glass 1) with water. When they put two ice cubes into the glass, the water
level was 5 cm. The students put a stone into an identical glass (Glass 2). They put two ice cubes on
top of the stone and filled the glass with water until the water level was 5 cm there as well.

At the North Pole there is no land under the ice, but at The South Pole there is. The stone represents
these territories. Glass 1 thus represents with that The North Pole, while Glass 2 represents The South
Pole.

Glass 1 Glass 2

Two ice cubes on a stone
submerged in a glass of
water.

Two ice cubes floating in
the water.

The picture below was taken after the ice cubes had melted:
AFTER MELTING

Glass 1 Glass 2

d,9.cm




Question 1

Assume that the ice is melting with a constant rate. Which mathematical expression describes the
water level (y) in glass 1 and glass 2 while the ice melts?

A Glass1:y=b,Glass2: y=ax+b
B Glassl: y=ax+b,Glass 2: y=>b
C Glass 1: y=b,Glass 2: y =ax

D Glass 1: y=ax, Glass2: y=b
Question 2

What does the x in the expressions in the previous question refers to?

A The melting speed of the ice

B The original water level in the glass

C The temperature of the water in the glass
D The time from the ice began to melt

Question 1 assessed students’ ability to interchange between experimental and mathematical
representations of the phenomenon. As many as 68 % answered correctly.

Question 2 was much harder. Less than 40 % answered correctly. However, as a majority of
students performing at level 4 answered correctly, and a majority at level 3 did not, the item
”anchored” at level 4. This item describes what students at the highest level typically are able
to do. A student performing at a lower level is most likely to fail on the item.

Results from the questionnaire show that almost one third responded that they never or
seldom study relations between mathematical and graphical representations of physics
formulas. More than half responded that they never or seldom derive physics formulas from
graphs describing empirical data — activities we interpret as modelling activities. Furthermore,
most students responded that they had investigated how the graphs corresponding to first and
second order general mathematical expressions looked like, but almost one fourth responded
that they never had investigated how manipulation of the constants a, b and ¢ affects the shape
and orientation of the parabola.

Students stated, when interviewed, that they did not find it particularly difficult to plot
experimental data sampled during practical modelling activities into a coordinate system.
However, determining the general mathematical expression best describing the experimental
data — constructing a physics formula from the best fit graph — was perceived a quite difficult
task.

Discussion and conclusions

As students proficient at benchmark 3 and 4 seem to possess central reasoning processes and
abilities to handle different forms of representation, we see it as a goal to make more students
proficient at least at benchmark 3. This would imply developing students reasoning skills to
an “analytic” level and their abilities to interpret “the semantics of physics formulas”. We
believe that emphasizing the connections between mathematics and physics by focussing on
acquaintances between the general mathematical expressions y = ax +b and y = ax’ + bx + ¢ on
one hand and physics equations like F = ma and s = vot + % at* on the other is crucial.

Scientific concepts represent, especially in the case of physics, the vocabulary of a unique
language: the language of nature — mathematics. The concepts create meaningful “sentences”
which many students find hard to grasp: the equations. Equations, physical laws, “formulae”,
or “mathematical representations of physical phenomena” are icons of our knowledge about
the nature, but may appear as semantically blind general mathematical expressions to students



with weak conceptual understanding. A mathematical view of the world is intrinsic to physics
and mathematical models put demands on students for understanding mathematics (Erickson,
2006; Oke & Jones, 1982a, 1982b).

Students solving practical tasks tend to work in either a mathematical mode or a physical
mode (Erickson, 2006) and find it hard to e.g. allocate mathematical symbols a physical
interpretation. Students may effortlessly identify the “interception” and “slope” in linear
equations working in a mathematical mode (f{x) = ax + b), but find it problematic when
occurring in a physics formula (s = so + vof). Bagno, Berger, & Eylon (2008) found that many
students fail to relate between a formula and its physical meaning, and to identify the
formula's conditions of applicability.

School physics has a strong relationship to mathematics. However, the mathematics used even
in upper secondary school physics is not very advanced. The physics curriculum in many
countries includes only relatively simple arithmetic and algebra. However, the achievement
test in TIMSS Advanced 2008 documented that for example Norwegian and Swedish students
have noteworthy weak skills in manipulating algebraic expressions and equations, and that
they only to a small extent can deal with fundamental quantitative concept in physics (Lie,
Angell, & Rohatgi, 2010).

It is obvious that more needs to be done to identify efficient ways of teaching the
mathematical modelling aspect of physics to students. We believe that physics teaching
should put more emphasize on /) interchanges between mathematical expressions (formulas)
and the shape of the corresponding graphs, 2) physical interpretations of mathematical
expressions (e.g. constants and variables of formulas), and 3) introducing physics formulas
through mathematical modelling processes (teacher directed practical activities where
students develop formulas from graphs fitting empirical data).
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Abstract

Besides learning physical concepts and scientific methods it is also important to
reflect the reality of physics as a science where mathematics and physics are
closely intertwined. On the other hand, an understanding of the physical concepts
forms the basis upon which new physical knowledge can be established. If one
knows in detail the difficulties experienced by students during the translation
process between mathematics and physics, one can decide how mathematics
might be supportive and develop new teaching strategies that help to overcome
their problems. In order to do so we videotape 15 to 16-year old students while
solving special diagnostic tasks which are designed to address the translation
process between mathematics and physics. Invited students work in pairs on these
tasks and are requested to discuss the problems with each other and get a joint
solution. The videos will be analyzed to extract and categorize students'
difficulties, their interplay and its effect on the understanding of mathematics in
physical context. Preliminary findings suggest that for students physical meaning
and mathematical calculations are two different things. Also severe problems in
dealing with units and performing mathematics with double fractions can be
observed. One reason may lie in the notion of formulas as a mere tool.

Introduction

“...it is impossible to explain honestly the beauties of the laws of nature in a way that people
can feel, without their having some deep understanding of mathematics.” (Feynman, 1992)
There are many other physicists emphasizing like Feynman the deep interrelation between
mathematics and physics. It is not the technical toolbox mathematics provides but rather the
creative aspect producing new insights into physical structures that hints at a deep conceptual
relation between both sciences. Einstein for example states that “Our previous experience
Jjustifies the belief that nature is the realization of the most basic mathematical thoughts. |[...]
Experience remains certainly the sole criterion of usefulness of a mathematical structure for
physics. But the truly creative principle is in mathematics” (Einstein, 1956, p. 116, our
translation). Considering discussions about the importance of “nature of science” for science
teaching (Lederman, 1992), it should be obvious that also the interplay between mathematics
and physics should be an essential part of science teaching.

Another aspect, which underlines the importance of taking care of mathematical problems
in physics education, relates to knowledge transfer. It is amply documented, that transfer does
not succeed to the desired extent, since knowledge and understanding is acquired context-
specific (Brown, 1989). Accordingly, a transfer of the mathematical knowledge into physics
domain can not be expected automatically. On the contrary, there are even special difficulties
due to large differences in the use of and approach to mathematics by physicists. The use of



mathematical language in physics differs in many ways from its use in mathematics (Redish,
2005).

On the other hand, the problems and difficulties arising with the use of mathematics within
physics education must not be ignored. The objection that the application of formulas and
calculations would hinder an understanding of physical concepts, lead to routine and
“senseless” computing activities and brings additional mathematical difficulties with it, has to
be taken seriously. However, one can assume that these problems stem in large part on the
way in which mathematics is involved in physics teaching. Already Richard Skemp, a pioneer
in mathematics education research, pointed out the difference between instrumental and
relational understanding (Skemp, 1976). By focusing on instrumental skills like rote
manipulations and learning rules, it is not possible to achieve a deep (relational)
understanding of mathematical concepts. But especially for knowledge transfer a relational
understanding is indispensable. Therefore, it is particularly important in physics classes to
stress this kind of understanding of the relationship between physical behavior and
mathematics. Using the common physical text book problems this is probably not achievable,
as the findings of problem-solving research suggest (Maloney, 1994).

An attempt to improve these shortcomings of traditional teaching on problem solving is
made by Bagno et al. (Bagno et al., 2008). They developed a learning tool focused on the
interpretation of formulas, based on findings that demonstrate a lack of understanding of
physical formulas. They report on mainly three different aspects of the problem: Students
have difficulties in specifying the conditions under which a formula can be applied, they can
only give vague descriptions of the components of a formula and they have difficulties in
manipulating the units. After having used the learning tool improvements could be identified.
This involved the students’ abilities to specify the conditions under which a formula can be
applied, and to recognize special cases of the formula.

In line with these findings and with the aim to deepen the knowledge about students'
understanding of the relation between mathematics and physics, it is important to deeper
explore the interplay of the difficulties students' experience with mathematical physics tasks.
This provides a basis for the main goal of developing teaching and learning strategies that
help students build a relational understanding of the interdependency of physical and
mathematical concepts.

Theoretical Framework

A widely used framework in mathematics education research to describe the stages and
activities that occur during mathematical modeling or problem solving, is the modeling cycle
(Blum & Leil3, 2006). Within this framework the world is separated into the mathematical
model and the “rest of the world”. The former field contains the pure mathematical activities
like calculations et cetera, whereas the latter includes the stages of building the qualitative
model and its evaluation. The connection between the rest of the world and the mathematics is
provided by the translation processes, i.e. mathematizing (“into the mathematics”) and
interpreting (“out of mathematics”). These processes are crucial for knowledge transfer, are
highly context specific and demand high cognitive abilities. Whereas the pure mathematical
work — on which many of the ordinary physical text book problems put much emphasis — can
be learned within mathematics classes, the translation processes establish the link between
physics and mathematics education.

With the translation to and from mathematics the so called “Grundvorstellungen” (vom
Hofe, 1992) — a theoretical concept used in mathematics education research to describe the
translation between ideas or meaning and mathematical operations — emerge as they mediate
between the mathematical and physical world. The term “Grundvorstellungen™ might be best
translated as “basic ideas” or “fundamental conceptions”. It refers to mathematical objects



(i.e. mathematical operations, symbols etc.) and the ideas and conceptions connected to them.
For example, a basic idea of “addition” can be the operation of adding two amounts to get the
whole amount as a result. On the other hand, one can think of “addition” as changing an
initial state to a final state — as in the case of temperature changes. Obviously there is not only
one correct basic idea of a mathematical operation. Rather it is important to activate the basic
idea corresponding to the specific problem one deals with. Therefore one needs to have more
than one fundamental conception available for activation. Enabling a flexible use requires
experience and knowledge based on comprehension or, in other words, a relational
understanding.

In the physical context these “Grundvorstellungen” have to be connected to an
understanding of the physical concepts and be activated in accordance to the physical
situation. Sherin (Sherin, 2001) investigated the meanings college students assign to formulas
and classified them as so called “symbolic forms”. A symbolic form is an entity in a formula
which is associated with a corresponding physical behavior, e.g. a fraction stroke with a
variable in the denominator means that the resulting behavior is inversely proportional to this
variable. But as it is the case with the “Grundvorstellungen”, there also exist more symbolic
forms for one formal structure. Sherin claims for ongoing research in the same direction with
students at a younger age (i.e. high school and secondary school) and for teaching strategies
which strengthen the use of symbolic forms. Also an in-depth analysis of its interplay with
students' strategies and difficulties is still owing.

Research design

For investigating the process of translation and the resulting difficulties students experience
thereby, we developed special mathematical physics tasks in order to address different aspects
of translating between physics and mathematics. By working with these tasks the students are
challenged to actively carry out the translation and to establish the connection between
mathematics and physics not on a calculational but on a meaningful basis. More specifically
the tasks contain amongst other aspects

— the creation of a formula on the basis of physical reasoning

— the interpretation of the special cases of a formula

— to draw conclusions based on a formula for physical behavior

— explaining the meaning of a formula
The theoretical assumptions about the nature of the connection between physics and
mathematics guided the construction of the tasks which can be regarded as a didactical
reconstruction of facets of theoretical physicists' work. The degree of difficulty was validated
by the observations made in the pilot study which also gave hints for improvements and
additional ideas. The physical topic is mechanics due to the fact that this is the topic with the
highest degree of mathematics involved in secondary school.

Invited students worked in pairs on these tasks at an interactive whiteboard. This method of
data acquisition allowed us to conduct the observation without a video camera because the
whiteboard provides the possibility to record the speech and writings simultaneously. The
students were requested to discuss the problems with each other and get a joint solution in
order to animate them to speak aloud and express their ideas and thoughts. This makes it
possible to follow their lines of reasoning and thought processes to some degree.

In total we observed 30 students from grades 9 to 10 — i.e. 15 to 16-years old — from
different schools of higher education. Parameters like school grades in physics, mathematics
and german classes, as well as a short questionnaire on content-related self-efficacy were
controlled to describe the sample. The grades indicate a selection of mainly good students, but
with more satisfactory grades than very good ones.



The recorded speech will be transcribed and placed in relation to the writings. The
transcripts will be categorized and evaluated according to a framework of qualitative data
analysis like the Grounded Theory (Glaser & Strauss, 2005). The main goal of the
classification is focused on students' difficulties, their mutual interplay and their effect on
students' understanding of the role of mathematics for physics.

Preliminary findings

On the basis of the observation of all students and the evaluation of transcripts of the pilot
study it is possible to express some preliminary insights. An evident impression is that the
students often revealed a basically instrumental understanding when using mathematics in
physics. This is demonstrated by their technical approach to conceptual problems. For
example, a proportional relation in a formula was identified with physical behavior only after
calculating with some numbers. Also the translation was orientated towards superficial
aspects as the connection between a formula and the physical world was established by
symbols and units. On this pathway formulas were chosen, interpreted and validated. Even
more some students created a formula on the basis of suitable units in contradiction to the
already uttered physical behavior. Strikingly the association of formulas with physical models
or behavior was absent in most cases.

Furthermore, students' physical and mathematical reasoning do not seem to be well
balanced. Many students concentrated either mainly on the mathematical or on the physical
aspects. Thus they miss out on important and possibly helpful links. Also the coherence of
both kinds of reasoning is often not kept in mind which leads to an overlooking of mistakes.
Moreover, it eliminates the possibility to use physical and mathematical considerations in a
supporting manner.

As a special issue demonstrates the strategy to check formulas with the help of units. Many
aspects were revealed which could lead to difficulties so that the effect of the whole strategy
seemed to be more confusing than helpful in many cases. Particularly striking were
difficulties while dealing with fractions, the confounding of symbols of physical magnitudes
with unit symbols (e.g. canceling down mass and meter in a fraction), the concretization of
units (e.g2. 'm' or 'cm'’), as well as remembering the right units in general. For the last point it is
noticeable that units seem to only be remembered instead of being linked with physical
meaning (e.g. m/s as displacement per time). This is also indicating a more instrumental than
relational understanding of physical units that leads to difficulties in selecting the right units.
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The aim of this research project is to design, implement and evaluate a collaborative
teaching approach in physics and mathematics education in second level schools in
Ireland. This is undertaken through the integration of a handheld graphic calculator into
the teaching and learning of physics and mathematics in first year classes at second level
education. Action research was the central methodology of this project. A key outcome of
this project was the development of specific lesson plans to help facilitate the integration
of both subjects. The study was evaluated through a teachers reflective log book and
teacher interviews. The qualitative data reports the teachers’ experience of the project.
The integrated science and mathematics lessons were observed by an independent
observer. The observer recorded how the lesson plans were implemented and assessed if
the learning outcomes were achieved. The key findings emerging from this research
project will be presented.

1 Introduction

The aim of the research project was to design, implement and evaluate a collaborative
teaching approach to develop students’ conceptual understanding in physics and
mathematics at post-primary education. This was assisted by the development and
implementation of specific lesson plans (3 double science lessons and 4 single
mathematics lessons) that integrated the teaching and learning of both subjects utilising
technology. The implementation of the collaboration between the science and
mathematics teachers was facilitated by the use of technology — the TI-Nspire (graphical
calculator and data logger) that allowed real-life data to be collected, analysed and
explored both in the mathematics and science lessons. The mathematics and science
teachers involved in this project were supported in designing, implementing and
evaluating innovative lesson plans which integrated Junior Cycle (lower second level
education) science and mathematics topics which promote conceptual understanding. By
improving the students’ level of conceptual understanding of science it is envisaged that
this will improve their mathematics ability; by improving students’ mathematical skills it
will facilitate the development of their conceptual understanding in science.

2 Methodology

The research focus of this project is on inquiry based learning and pedagogical
enhancement, utilising technology, and with the aim of improving students’ conceptual
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understanding of motion. The overarching methodology employed in this study was
action research. It was chosen as the methodology because it is useful when investigating
how to improve learning and taking social action (McNiff and Whitehead 2006). Within
this, case studies and several mixed research methods were employed. This innovative
project was piloted in three second level schools in the Limerick/Tipperary region, in
Ireland. One mathematics teacher and one science teacher worked in collaboration, with
each other and with the NCE-MSTL team, in each of the participating schools. Teacher
training in the use and integration of the technology into the teaching and learning of
science and mathematics took place from September 09 to December *09. The active
research of the integrated science and mathematics lesson plans took place from January
’10 to March ’10. First year post-primary education students of mathematics and sciences
(approx. age 13-14 years old) defined the context of the study.

2.1 Instruments for data collection

Qualitative data on the teachers’ experience of the project was collected through a
teachers reflective log book and teacher interviews. Data was collected by an independent
observer on how the lesson plans were implemented. All mathematics and science
lessons were observed, however due to time constraints a different individual observed
each lesson. The observers also assessed whether or not the learning outcomes for each
lesson were achieved.

3 Science Approach

Research has highlighted the importance of building the development of scientific
concepts and skills on concrete experience (Rosenquist and McDermott 1987). The
science lesson plans were designed to promote the constructivist approach through the
use of inquiry based learning (Piaget 1928; 1952). Brooks and Brooks (1993) stated that
meaningful learning occurs when new knowledge and skills are embedded in context, and
students make connections among idea. The lessons were designed to engage the
students in the active use of concepts in concrete situations. Everyday objects and
experiences from their everyday lives were used in the science lessons. The inquiry
based approach helps the students close the gaps in their knowledge through repeated
exercises that are spread out over time and are integrated with the subject matter of both
the science and mathematics courses. To help the learner assimilate abstract concepts, it
is essential to engage the learner’s mind in the active use of the concepts in concrete
situations (Arons, 1990). The concepts must be explicitly connected with immediate,
visible, or kinaesthetic experience. Furthermore, the learner should be led to confront
and resolve the contradictions that result from his or her own misconceptions (Arons,
1990). There are several learning difficulties that are involved in the development of the
concepts of distance, speed and time. ‘A powerful way of helping students master a mode
of reasoning is to allow them to view the same reasoning from more than one
perspective’ (Arons, 1990). An effective way of reaching many students who have
difficulty in relating position on a graph to motion is to lead them through direct
kinaesthetic experience. Giving them problems in which they must translate from the
graph to an actual motion and from an actual motion to its representation on a graph.



4 Mathematics Approach

The mathematics lesson plans were designed to promote a teaching for understanding
approach through the use of rich mathematical tasks which provide students with the
opportunity of specializing and generalizing in the mathematics class (Mason, 1999). A
new mathematics curriculum, Project Maths, is being introduced in all post-primary
schools in Ireland. Emphasis is being placed on student understanding of mathematical
concepts, with increased use of contexts and applications that will enable students to
relate mathematics to everyday experiences (Project Maths, 2008). Thus the
mathematical approach adopted in this research project is consistent with the new
mathematics curriculum being introduced.

4.1 Rich Mathematical Tasks

Mathematical tasks that are referred to as ‘rich’ are those that are most likely to engage
students positively and effectively with their mathematical learning. Rich mathematical
tasks were a critical component underpinning the mathematics pedagogy of this research
project. The importance of incorporating ‘rich mathematical tasks’ into the teaching and
learning of mathematics has been highlighted by many researchers (Boaler & Staples,
2008). They can be described as incorporating some of the following characteristics
(Ahmed, 1987):

Are accessible and extendable.

Allow individuals to make decisions.

Involve students in testing, proving, explaining, reflecting and interpreting.
Promote discussion and communication.

Encourage originality and invention.

Encourage “what if?”” and “what if not?”” questions.

Are enjoyable and contain opportunity to surprise.

By employing rich mathematical tasks it allows students to find something challenging
and at an appropriate level to work on (Swan, 2005).

4.2  Specializing and Generalizing

Within the mathematics element of this project we were also concerned with how
students approach problem solving. Mason (1999) emphasises the central core of
mathematics as Specializing (constructing particular examples to see what happens), and
Generalizing (detect a form; express it as a conjecture; then justify it through reasoned
argument). Specializing involves trying specific examples in order to develop an
understanding in relation to what a mathematical concept is proposing. Therefore, the
purpose of specializing is to gain clarity as to the meaning of a question or statement, and
then to provide examples which have some general properties in common — the process
of generalizing (Mason, 1999). Generalizing has to do with noticing and describing
properties common to several mathematics questions/problems. The mathematics teacher
should employ questions which encourage students to think deeply about the
problem/examples presented. By looking at the examples that the students have



completed, they should try to see what is common among them, guided by what the
problem or text asks for or states (Mason, 1999).

5 The Interdependent Lesson Plans

The active research of the integrated science and mathematics lesson plans took place
during March and April, 2010, over the course of three weeks. What follows is a
description of each of the lesson plans and they are presented in the order that facilitated
the integration.

51 Science Lesson 1

The first double lesson attempted to engage the students in the ideas and concept of
motion. The teacher facilitated a discussion on speed drawing on their experiences from
everyday life. With the teachers as the facilitator, the students would generate ideas on
how to measure speed and how it can be represented. With household material the
students built their own balloon rocket cars. The purpose of the balloon rocket car was to
help the students take ownership in the design of their cars and it was used to aid the
development of the concepts of distance, speed and time over the 3 weeks. At the end of
the first lesson the student would have built and tested their balloon rocket cars and
would have also generated ideas of how to measure speed using their cars, the TI-Nspire
and the motion probe.

5.2 Mathematics Lesson Plan 1

It was anticipated that students may have some experience of drawing and interpreting
graphs from previous science lessons. However, the teachers involved in this research
project felt that it was essential that students’ basic graphical skills were well developed
to ensure that the implementation of the other mathematics and science lesson plans were
successful. Therefore, the purpose of the first mathematics lesson plan was to provide
students with key skills (drawing and labeling axes; plotting coordinates; interpreting
graphs) required for drawing graphs.

53 Science Lesson 2

The second science lesson began with a recap of how speed could be measured leading to
a discussion on how speed could be represented. Using their hand made cars they were
asked to predict, analyse and test their ideas about motion. Through the aid of the motion
probe and the TI-Nspire they tested their predictions and collected data on the handheld.
Using the data generated the students drew a distance-time graph in their lab copies.
With the aid of several other distances versus time graphs the students were challenged to
apply their experience with the balloon rocket cars to interrupt the new graphs. Thus, to
generate the relationship between distance, speed and time from their experience.



54 Mathematics Lesson Plan 2

The purpose of the second mathematics lesson plan was to develop further students’
understanding of graphical concepts in relation to travel graphs (scale, units, speed,
slopes, direction of lines). Mathematics Lesson Plan 2 also incorporated the use of data
generated from the previous science lesson to draw distance-time graphs, while also
encouraging discussion and explanation of variations in their findings in relation to the
key concepts developed.

55 Science Lesson 3

The final double science lesson involved the students actively acting out their motion
using the TI-Nspire and the motion probe. In the previous mathematics lesson students
examined questions in relation to the direction of the motion and the slope. The active
experience of acting out this motion helped the student connect the graph on paper to
actual motion. For example, being able to distinguish between positive slopes, negative
slopes, no motion etc., all concrete experiences. Thus they developed further the
relationship between distance, speed and time by predicting and acting out the motion of
the graphs.

5.6 Mathematics Lesson Plan 3

The overall aim of the lesson was that students themselves would generate the average
speed formula through completion of mathematical rich tasks concerned with speed,
distance and time. These tasks incorporated real-life applications, thus making the
material relevant for student learning.

5.7 Mathematics Lesson Plan 4

The last mathematics lesson plan was concerned with furthering students’ understanding
of the concept of average speed through engagement in the different sets of distance and
time data they had collected in the science lesson. Students were required to demonstrate
key learning outcomes acquired from the previous science and mathematics lessons,
while appreciating the application of mathematics in science and real life applications.

6 Results

The following section will summarise some of the key findings emerging from the
teacher’s reflective journals and from the lesson observations. These are presented from
the perspective of the subject area teachers i.e. science and mathematics, the students and
technology concerns.

6.1 Teacher Reflective Journal

From the mathematics teachers’ reflective journals it is evident that the teachers thought
the tasks incorporated into the mathematics lesson plans were appropriate and consistent



with the learning outcomes stated. However, they strongly felt that there were too many
tasks per lesson which had repercussions for time management and facilitating the
integrated teaching approach. Similarly, the teachers felt that there was too much time
between the specific mathematics lesson plans (a week on average) and they felt that it
would be better if they were closer so as to facilitate reinforcement of previous learning.
Although the teachers concerned liked the tasks presented in the lesson plans they found
it difficult adapt to the new style of teaching. On a positive note, the teachers could see
the benefits of this style of teaching for student learning and understanding, but it came at
cost of lack of syllabus coverage and justifying spending such an amount of time on ‘just
one topic’.

In general, the inquiry based approach of the science lessons was not adopted as expected
by the authors. Teachers failed to give the students enough time to respond and come up
with their own ideas and like the mathematics lesson they tended to be teacher dominant

rather that student centred.

Both the science and mathematics teachers involved in this research project found
positive outcomes for student learning and understanding. The teachers’ reflections
portray students as engaged, interested, responding well and enjoying the mathematical
and science activities. In particular, engagement was highly correlated with building,
designing and personalising the balloon rocket car, while working collaboratively with
peers. Similarly, the students responded well to the introduction of technology into the
teaching and learning of the subject areas, ensuring relevance to their elevated use of
technology in their personal lives. Moreover, the teachers felt that the integrated approach
helped to develop students’ understanding of the relevance of mathematics for science
and science for mathematics.

In terms of the teachers’ capability to integrate technology into the teaching and learning
of science and mathematics, they depict in their reflections a lack of confidence in their
competence and accordingly this impacted on the successful integration of the TI-Nspire
into their lessons. For example, some of teachers would first do some of the tasks by
hand on the whiteboard, copybook, etc. and then repeat the same activity using the TI-
Nspire. Unsurprisingly, difficulties arose with the technology such as batteries running
out, motion sensors, etc. All expressed an interest in further training to become more
competent in the use of the technology in the classroom.

6.2 Observers’ Reflections

The observers’ reflections on the mathematics/science lessons undertaken by the teachers
reinforce the didactical style taking place in the classrooms. The lessons were dominated
by teacher talk as opposed to the student-centred approach promoted by the lesson plans.
Little discussion took place. There appears to be a difficulty in moving away from the
‘norm’ and ‘comfortable/safe’ approach utilised prior to the development of these lesson
plans. The observations also expose that the mathematics teachers missed out on some
key concepts within the lessons. Similarly, there was poor use of ‘mathematics language’
by the teachers and there appears to be a lack of confidence in their students’ ability to
cope mathematical terminology and concepts. Naturally this has repercussions for



students’ learning and understanding for both mathematics and science. On an
encouraging note, some tasks within the lesson plans were done very well by individual
teachers and this is a positive aspect to take forward. The observations also noted that the
students responded positively to these tasks when done well. Conclusions emerging from
the observations portray a lack of confidence by the teachers in adopting the new
teaching approach but when done well, student learning and understanding was
enhanced. Moreover, some of the teachers did struggle with the technology aspects of
the lessons but the students were competent and confident in utilising the technology,
while engaging them in learning and applying knowledge.

7 Conclusion

All teachers involved in this pilot are interested in taking part in the second phase of the
project. Preliminary findings have shown that the integration of science and mathematics
teaching and learning at post-primary education facilitated authentic learning experiences
for the students and teachers involved in this pilot study.
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ABSTRACT

We present a preliminary discussion of the strategies and mathematical representations
(graphical, algebraic, numerical or linguistic) used by university students to solve a paper and
pencil problem in kinematics: a car moving down a slope. Twenty one students, who were taking
their first Physics course, were asked about velocities and times in different parts of the slope.
Using a qualitative and exploratory methodology, we constructed categories starting from the
actual data.

We find that all students quickly substitute numerical data, even if they have already written the
equations in an algebraic form. This substitution seems to help recognize which are the unknown
data and which data they need in order to solve the problem. Almost half of the students assume
that the car’s acceleration is g. This assumption transforms the problem so that it has one extra
given data which leads these students to unexpected ways of going wrong. Some students can
perceive their own errors. It is important to stress the metacognitive task that students are
performing in registering that a solution is wrong.

We could reconstruct a “path” that most students seem to follow to solve the problem and we
could also find some clues as to what elements the students use to solve a given problem.

INTRODUCTION

Teaching, learning, communicating or doing research in physics implies using mathematical
language. Teachers often express their doubts as to whether students know enough mathematics
to learn Physics. But when they do know mathematics, can they use what they already know to
solve problems? Students have difficulties in the use of mathematical language and these become
evident when they solve problems. To do so, students must choose the right model, apply the
equations, solve them and then interpret the results. This involves using the mathematical tools
they have but adapting their use to Physics.

APPROACH AND PERSPECTIVES

Our main research question is: how do students use mathematical tools when they first approach
problems in physics? Other questions follow: what clues do they use to go about it? How do they
check that they are on the right track? How do they use linguistic, graphical, algebraic and
numerical representations?

We pretend to build a grounded theory (Glaser y Strauss, 1968; Turner, 1981) based on the
analysis of the data provided by the students’ answers rather than start from a given theory. We
know that it is impossible to believe that our approach is not theory laden but we try to be as
objective as possible when analysing the data. To do this we first discuss our expectations and



theories that may be related openly. At a later time, when the analysis of the data has been done,
the results can be discussed with respect to related theories (Turner, 1981).

We present the first results obtained from analyzing the answers of university students to a
problem in kinematics. This analysis is centred in the description of their use of mathematical
language. We have chosen to study the answers to a typical problem of elementary physics as we
are interested in knowing more about the process of mastering the use of the given equations (in
this case x(t) and v(t) for constant acceleration) to solve a particular problem.

THE PROBLEM AND OUR STUDENTS

The problem studied was designed after discussing previous results (Pérez & Dibar, 2009). It was
solved by 21 students enrolled in the first physics course at Universidad Nacional de General
Sarmiento. They had completed an introductory course in Mathematics and had finished the
equivalent of an Introductory Calculus Course. Their knowledge of Physics from secondary
school is usually very poor. Half of the students were enrolled in the General Physics course for
the second time. Their mean age was 23.3 years. Only half of these students had enrolled at the
university directly after secondary school. They were evenly distributed between men and
women.

The problem was passed during a class. The students had previously studied kinematics and had
solved some of the usual problems.

Problem
A group of friends is going downhill in a car when suddenly the motor stops. The driver puts on
the break until the car finally stops still. They all decide that the best solution is to take off the
break and let the car roll down the slope until the car acquires enough velocity for the motor to
start on its own. They take the break off and after 6 minutes, when the car has rolled 54 m, the
motor starts.

a) What type of movement does the car have?

b) What was the car’s velocity when the motor got started?

c) How long did it take to cover half of this distance?

d) What was the velocity of the car at that moment?

e) What was the mean velocity from the moment the break was taken off to the moment the

motor started?

It is important that you hand in all that you write while you are trying to solve the problem, for
example the rough copies.

HOW WE STUDY THE DATA

Using a qualitative and exploratory methodology, we constructed categories starting from the
actual data (Glaser and Strauss, 1967, Turner). We carried out the analysis in three steps. The
first step follows naturally from immersing into the data to let the most salient characteristics
emerge. An exhaustive categorization followed. As the third step, instead of re categorizing, we
looked for different “dimensions” to describe the answers in more depth.

First step

The most salient characteristics after the first look at the data are:

e All students write algebraic equations but quickly substitute the given data. Their treatment of
algebraic equations is usually adequate. With this substitution they can recognize (correctly or



not) which are the unknowns in order to solve the problem. They proceed thus until they have
only one unknown data and they solve it. We had found this same procedure in a previous
work (Pérez & Dibar, 2009)

Ten of the 21 students assume the car’s acceleration to be g. The problem now has one extra
data, but none of these students realize this.

Only two of the students make a mathematical error in the treatment of the algebraic
representation.

None of the students are lead astray due to the relatively elaborate way in which the problem
was written, in an attempt to describe a real life situation.

Thirteen students make schemes (graphic simplifications of the situation) similar to those that
have been taught. The passage from the linguistic representation to the “scheme” enables
them to start to elaborate a factic model (Lombardi, 1998) of the situation, to identify the
given and the unknown data quite well.

Second step

After the first look we carried out a classification by grouping the answers to describe how
students tried to solve the problem and what tools they used, but always staying very close to
their answers.

Completely correct answers

Six students solve the problems correctly.

“Correct” but using the acceleration of gravity, g

Two of the students, although incorrectly assuming that the acceleration is g, solve the
problem using the position and velocity equations for constant acceleration correctly. They
proceed to answer the questions posed by the problem in a way by which they do not register
their initial error and they do not arrive at contradictions.

Answers using g that show disorientation

Seven students assume that the acceleration is g and then seem to get lost while trying to
solve the problem. Three of them work with the functions for x(t) y v(t) whilst four of them
only use the equation for position. They treat the initial velocity as if it were a variable.
“Naive” answers

Six of the students seem to have a more naive vision about how to solve it. They use formulas
like “v = x/t”. They don’t seem to know about time dependent magnitudes, but identify “the”
velocity or “the” position with one of the problem’s data.

Third step
We found some aspects in the students’ answers, that give light to the problem of using
mathematics in physics:

Recognition of errors

While working within an algebraic representation or when interpreting some of the results
obtained, 8 of the students show that they have detected that something is wrong and they
correct it or abandon the problem altogether. They cross out what they have written or they
make this awareness explicit by using words.

Four of these errors refer to the signs of variables. For example a student obtains two
different positive values of the time the car takes to descend, he then crosses out this result



and starts a new way to solve the problem. Another student obtains a negative value for the
initial velocity and gives up.

Another student gets a negative value for time and corrects the equation. However, he later
accepts a negative value for a velocity.

A student realizes that he obtains the same value for all velocities. He abandons what he is
doing and tries to solve it by using dynamics and succeeds.

A student detects that something is going wrong with his algebraic expressions for calculating
the velocity when he gets the same numerical value as when he calculated the position. He
corrects this expression and solves the problem correctly.

Finally, 2 students have doubts because the units of the result turn out wrongly. One of them
corrects the error and the other one just writes down that he thinks it should not be so.

Answers when one unknown is left out

In the first classification of the answers we saw that 10 of the 21 students use g without
questioning this choice. From their earliest experiences they have seen objects falling when
nothing supports them or when placed in any kind of inclined plane. They have later learnt
that in free fall the object accelerates with g. They don’t seem to question that this may not be
so in the case of an inclined plane.

This assumption leads them to ways of solving the problem which we have described earlier.
The main change introduced in this case is that one unknown disappears. The position
equation has only one unknown (time) in a quadratic equation which the students solve easily
and willingly. Curiously enough, no student arrives to the contradiction that would become
apparent if they substituted all the data into the equation for the position of the car.

Four of the students do write the equation for position, but do not use the equation for
velocities. Instead they treat the initial velocity as a variable, probably because the problem
asks for a velocity. For them the velocity could then be a constant throughout the movement,
an initial condition or a function of time.

FIRST RESULTS

Through the three steps of analysis of the data we have been able to see their salient
characteristics, the different ways of solving and the metacognitive activity involved in the
recognition of errors and decision making about the value of a variable.

We can reconstruct a “path” that most students seem to follow to solve the problem.

The students generally

1. They read the problem, interpreting the linguistic representation.

2. They do a simplified scheme (graphic representation). They extract the essential data and
unknowns.

3. They choose a type of movement and write the corresponding equations. Some write only
one equation for the constant acceleration case.

4. They substitute numerical data. They make choices based on interpretations (i.e. v,=0).
Almost half of them choose a=g. They solve the equations by a correct treatment of
algebraic representations.

5. They interpret the results, taking into account possible errors. If there are none or if they
don’t detect them, they write briefly about the results of the problem using a linguistic
representation.



This path that they follow, while respecting the particular differences, may suggest a model of
what our students are doing to solve problems.

During the analysis of the data we also found some clues as to what elements the students lean on

to solve the given problem. In order to advance, these clues or not completely defined rules

provide the students intermediate “certainties” which help them arrive to the resolution. Some of

them are usually taught explicitly during the physics courses. Others are adopted by the students

(like strategies that were successful in solving previous problems).

Among the ones that are taught, we may point out:

¢ To make a scheme that represent the problem’s important data

e To write the dependence of functions explicitly (i.e. x(t=6 s).)

e To discard the negative times obtained as solutions (in general)

e To check the units of magnitudes obtained through calculation.

Among those of the second type (found by the students):

e If the moving body falls “on its own”, the acceleration is g. This may be reinforced in
problems where the acceleration is not asked for explicitly.

e If they are asked for a velocity at a given point, they tend to use it as the initial velocity, v.,.

e If the sign of the calculated velocity is negative, it may indicate that something is wrong.

The study of strategies that students use helps us understand what is useful and what is not on the

way to solving a problem. It is here that we may see the mathematical tools interpreted in the

light of physical concepts.

DISCUSSION

We have seen that some of our students show confusion in the use of variables, constants and
initial conditions as Redish (2005) alerts. In some cases it becomes evident when they detect their
own errors, in others when the incorrect choice of g as the acceleration triggers multiple
erroneous solutions.

The problem chosen forces the students to work with linguistic, graphical, algebraic and
numerical representations (Duval, 1993). No difficulties appear with the treatment of algebraic
representations or when the linguistic representation is converted into a scheme. However,
students we classified as giving naive answers and those that use g as the acceleration have
problems with the conversion to algebraic representations. In the first case because the algebraic
model is wrong, in the second one because they work with only one of the equations.

If we start from what students actually do in order to solve a problem, their paths and strategies
may allow us to understand how they are dealing with the problem and as well as to make some
teaching suggestions.

We plan to go deeper into how the students deal with variables, constants and initial conditions.
Although we have briefly described some of the difficulties they find with these, we need more
information to interpret them fully.
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Abstract

Many physics teachers complain that their students do not know enough
mathematics. However, it seems that the domain of basic mathematics skills does
not guarantee success in physics, once using mathematics in physics is much
more complex than the straightforward application of rules and calculation. In
fact, in spite of the deep interrelations between physics and mathematics,
confirmed both by historical and epistemological studies, in the context of
physics education, mathematics tend to be seen as a mere tool to quantify
physical entities and express the relations between them. In order to face up to
this inconsistency, we consider a distinction between technical skills — the ones
related to the domain of basic rules of mathematics and normally developed in
math’s classes — and structural skills — which are related to the capacity of
recognizing the structural role of mathematics in physical thought. We believe
that one of the most important abilities to deal with phenomena in physics domain
is to be able to use mathematics as a reasoning instrument. For that reason, we try
to understand the physicist’s use of this structural approach in a didactic context.
University physics lessons given by a distinguished professor on
Electromagnetism and Special Relativity were videotaped in order to investigate
the structural approach in real classroom situations. The analysis of these lessons
allowed us to identify a set of four structural skills which are defined and
exemplified.

Introduction

The deep interdependency between mathematics and physics is well acknowledged by several
exponents of both fields. Many physicists have stressed the indispensable role of mathematics
in physics. Among them, Galilei (1854, pp. 60) wrote that “the universe is written in
mathematical language” and Einstein (1934, pp. 117) believed that “the actual creative
principle in physics lies in mathematics”.

But mathematics also benefits from physics and this is recognized by many mathematicians.
Kline (1960, pp. vii) stated that “mathematics is primarily man’s finest creation for the
investigation of nature”, while Poincaré (1958, pp. 82) underlined “physics not only gives
mathematicians the occasion to solve problems; it makes them foresee the solution; it
suggests arguments to them”.

In spite of this briefly outlined mutual interplay between mathematics and physics, it is
possible to say that in the context of education, these two disciplines tend to be treated
separately and the students hardly become aware of this successful interrelation. In physics
classes, it is not uncommon to find mathematics being treated as a mere tool to quantify
empirical relations and to solve standard problems by finding formulas in a “mathematical



toolbox™. In maths classes, physics tends to be seen as an application of previously defined
mathematical abstract concepts.

We believe that there is a strong inconsistency between the historical interdependency and the
educational independent approach of mathematics and physics which claims for a systematic
research effort. Likewise, Hestenes (2003, pp. 104) states that “the challenge is to seriously
consider the design and use of mathematics as an important subject for Physics Education
Research”.

Aiming at contributing to this challenge, we propose a distinction between technical and
structural skills (Pietrocola 2008) to analyze students’ and teachers’ use of mathematics in
physics and the comprehension of their interdependence. The technical skills are related to
the instrumental ability to apply mathematical rules and algorithms in physics, whereas the
structural skills are associated to the use of mathematics to structure physical thought and to
the recognition of the deep connection between the physical content and the mathematical
formulation of a particular concept.

Our main goal is to characterize the latter ones and investigate how they can be approached in
physics lessons. From the analysis of university physics lessons, we derived a set of four
structural skills which are defined and exemplified.

Method

Concerning the methodological design of our research, we decided to conduct a case-study.
Our data consist of the recordings from two university level physics courses performed by a
particular professor at the University of Sdo Paulo: 13 lessons on Special Relativity and 35
lessons on Electromagnetism, which makes a total of approximately 70 hours of video. We
focused our attention on the moments where the professor used mathematical structures to
explain basic concepts and to solve problems.

It is important to mention that the lessons from this professor were not chosen by chance. This
particular professor was chosen due to the fact that he is widely admired and recognized, both
by his students and colleagues, for having a “different approach”, since he normally
encourages his students to reason about the physical interpretation of the mathematical
formalism. The hypotheses we had was that his approach would focus on highlighting the
structural role of mathematics, instead of its technical aspect.

The analysis of the data led us to identify a set of four structural skills. In the next section, we
define each one of them and present examples of how they were approached during the
lessons.

Structural skills
» Mathematizing (from physics to mathematics)

The first identified structural skill is called mathematizing and is related to the process of
translating from the physical world (conceptions about nature, phenomenological
observations and experimental data) to mathematics (mathematical structures and formulas).
Being successful in this transfer process depends on being able to think mathematically,
which involves not only a significant understanding of mathematical concepts and theories,
but also the ability of abstracting, idealizing and modelling physical phenomena.

In fact, this very complex process is quite often taken for granted in physics lessons. We
observed that the professor gave a special attention and dedicated a considerable amount of
time to mathematizing. This approach normally took place in the introduction of a new idea or
concept. Some sentences were extracted from the recordings and are commented below.

M1 : This frame of reference is a reasoning instrument; it is not in nature, but in your mind.
M?2: You make a mathematical cut in the wire, with your mind.




Here we realize that the professor is concerned on highlighting that mathematics is a human
construct which is not found in nature. It is an abstraction created by the human mind. This
can sound obvious at a first glance, but from the professor’s intention to mention it explicitly,
it seems as if he wanted to stress that it is not. The mathematical cut from the second
sentence is an attempt to make clear the distinction between a real and a mental cut (with an
infinitesimally small length dx) of the wire.

M3: In order to maintain the symmetries of space and time this rule has to be a linear
transformation.

This statement was extracted from the Special Relativity course during the derivation of the
Lorentz transformations. It reflects the professor’s intention of justifying the use of a
particular mathematical structure (linear transformation) due to the physical desire of
maintaining the symmetries of space and time. We believe that being able to identify the
essential aspects that justify the use of mathematical structures in physical phenomena is a
crucial ability for a meaningful mathematization. In trying to describe the process of
translating from physics to mathematics, Redish (2005) states that:

We map our physical structures into mathematical ones — create a mathematical
model. To do this, we have to understand what mathematical structures are
available and what aspects of them are relevant to the physical characteristics we
are trying to model (Redish, 2005, pp. 7, our emphasis).

In general, we found that the development of the mathematizing skill was a conscious goal of
the lessons, due to both the great amount of time dedicated and to the constant concern of
mentioning it explicitly. However, whenever one mathematical expression/formula was
reached, the professor tried to give it a physical meaning. That leads us to the second
structural skill.

» Interpreting (from mathematics to physics)

After presenting or deriving a mathematical expression, either when introducing a new
concept or solving a problem, the professor’s focus was immediately directed to the physical
interpretation of its meaning. We identified this skill as interpreting and noticed that it also
played a central role in his lessons. Not a single time a formula was presented without an
explanation of its physical meaning. This was done with the aid of both powerful schemas and
an intensive use of gestures. We exemplify this approach with the sentences below.

11: What does this expression mean? What does it say?
12: It is important that you realize the power of this expression. It has the instruction for
you to draw the arrow at any place in space.

We realize that the professor is claiming for a deep understanding of mathematical
expressions. In the first sentence he asks his students to say what a particular equation means,
as if it were possible to “read” it out loud. In the second, the power and meaning of the
electric field’s equation is explained.

13: What do you physically expect from the result? Test/play with the result. What if x, y or
7z = 0? Is it reasonable? Does it make sense? If you don’t expect anything from an equation
your lost.

I4: If you go far away for the bar, shouldn’t it be like a dot? Your result must be coherent.

These sentences show that identification of special/limit cases is an important strategy used
by the professor to develop the skill of interpreting. After reaching a particular expression, he



usually encouraged his students to verify its consistency by comparing some results given by
the expression with their previous physical expectations. His explicit remark that one should
always expect something from an equation is mostly interesting.

I5: How did the information of the problem got into the calculation? [...] The shape is
given by the integration limits.

16: I'm not asking you how to solve a double integral; I want you to know what you are
doing when you integrate.

The meaningful understanding of the formalism is once again emphasized in these phrases. It
becomes clear that the professor wants his students to make a conscious use of mathematics
instead of applying it as a mere tool. When he says that he doesn’t want them to solve, but to
know what they are doing when solving a double integral, it is clear that he considers the
structural role hierarchically superior to the technical.

The interplay between mathematizing and interpreting was a constant presence in his lessons.
However, in some particular moments, a deeper discussion between the relation between
mathematics and physics was conducted and some essential aspects of this interplay were
explicitly mentioned. Therefore, we decided to classify these moments in two other
categories, namely derivation and analogies, which are described and analyzed below.

» Derivation (logic/deductive reasoning)

The idea of proof is in the core of mathematical reasoning. This notion, which was mainly
developed by the Greek philosophers, involves starting from an “evident” set of axioms and,
by logical deductions, being able to prove a certain theorem. This style of reasoning is widely
used and exemplified in Euclid’s Elements and can also be found in several Physics’
masterpieces, such as Newton’s Principia and Einstein’s work on Special Relativity. In fact,
Einstein explicitly mentioned the similarity between geometry and theoretical physics by
saying that:

The theorist’s method involves his using as his foundation of general postulates or
principles from which he can deduce conclusions. His work thus falls into two parts.
He must first discover his principles and then draw the conclusions that follow from
them (Einstein, 1934, pp. 110, our emphasis).

Therefore, being able to fully understand logical derivations of formulas is an important
ability which allows one to recognize how physical assumptions, such as the principles of
minimal action or energy conservation, are “imposed” by physics during these derivations.
Even though this approach was much less common during the lessons, we were also able to
find moments where it was explicitly discussed.

D1: Can you demonstrate this equality from a mathematical point of view? The answer is
no!

During a certain lesson of the Special Relativity course, the goal was to derive an expression
which could transform the expressions of the electric and magnetic fields in a frame of
reference to another which was moving uniformly relatively to the first. This was the answer
given by the professor when one student demanded a mathematical reason for a particular
equality during the derivation. The professor explained that the physical condition imposed is
that the electromagnetism is covariant, i.e., that Maxwell's equations should have the same
form in both frames. Therefore, the reason for assuming that two expressions should be equal
comes from a physical principle and not from logical reasoning.



D2: We can show that this law (Gauss’) is more general. We can derive Coulombs’ law
from Gauss’. We show where does 4 comes from.

The emphasis on the words show and derive are evidences that the deductive aspect of
physics is being approached. The greater generality of Gauss’ law is expressed when the
professor mentions that it can be used to derive Coulombs’ law and to show where the
mysterious 41 comes from. Accordingly, Feyman (1965, pp. 26-3) states that “the real glory
of science is that we can find a way of thinking such that the law is evident”.

We strongly believe that derivations enhance students’ knowledge about the origin of physics’
equations, allow them to penetrate into the inner structure of physics’ reasoning and avoid the
rote memorization of senseless mathematical formulas. However, it should be conducted very
carefully and consciously, justifying every step by mentioning each physical imposition, so
that it doesn’t become an artificial set of logical steps for the students.

» Analogies (hidden similarities)

Noticeably, one of the most fruitful resources of reasoning in physics is analogy, since the
relation between the model and the modelled phenomenon is generally analogical. According
to Hesse (1953, pp. 202), “an analogy in physics is a relation, either between two hypotheses,
or between a hypothesis and certain experimental results, in which certain aspects of both
relata can be described by the same mathematical formalism”. In this sense, Steiner (1998,
pp. 3) defends the idea that “the only way scientists found to arrive at the atomic and
subatomic laws of nature was through mathematical analogies”.

The discussion of formal similarities and the identification of unifying mathematical
structures highlight the importance of analogical reasoning for physics’ students and was also
found in several moments of the lessons.

Al: Today we learned some strategies to deal with distributions of things. This is very
general, it can be with charge, mass, population, anything that needs to be distributed.
A2: The mathematics of these two equations is the same.

At the end of the lesson on the mathematical description of charge distribution, the professor
wanted to make clear that the strategy learned for that purpose was general and could be
applied in other several cases. This conscious remark reflects his intention of catching
students’ attention for the role of analogical reasoning in physics.

A3: Is there a Gauss’ law for gravitation? Yes. What is the flux of g through this
mathematical surface? It is the Earth’s mass. Which is the analogue to mass in Gauss’
law? The charge!

A4: Every time you work in hydrodynamic — bees, water air — the flux is something that
passes through a surface. They took this mathematical formulation to use in many other
cases. But there are important differences. The electrical field doesn’t really flow, it
doesn’t have any velocity.

Once again the intention of establishing connections and identifying hidden similarities
becomes evident. In both cases, different physical contents are exposed to underline the
formal similarities between them. However, it is important to notice that not only similarities
but also differences are stressed, like in the case of the water flux having a velocity and
electrical field not.



Preliminary conclusions and perspectives

Our main result so far is the set of four structural skills, which were defined and exemplified.
However, it seems that there is a significant difference between them, since mathematizing
and interpreting were found in almost every lesson, whereas derivation and analogies took
place in crucial points. In order to better resolve these differences we intend to analyze the
interplay between the categories using a time scale. We are interested in investigating how
does the professor switch from one approach to another and how much time is dedicated to
each skill along the whole course.

The presented paper is part of an ongoing PhD research in Physics Education. Due to the
concrete examples and the identified categories concerning the structural approach of
mathematics in physics lessons, the conducted case-study turned out to be an appropriate
strategy.
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Introduction

The mathematical formalism in quantum mechanics (QM) has a conceptual role, as historical and
fundamental researches tell us (Auletta 2001; Styer at al. 2002; Newton 2004 Ghirardi 2004).
Considering that several national curricula include QM (Cern 2002), teaching QM in upper
secondary school cannot leave out of consideration the interconnection between formalism and
concepts. In spite of this, even though research document students conceptions on QM (Zollman
1999), the role of formalism is concerned only in few outcomes.

Miiller -Wiesner (2002) found out that students, following a traditional path, interpret Ax and Ap in
the Heisenberg relations prevalently as: measurement, indeterminacy or disturbance. Similar results
were obtained by Fletcher-Johnston (1999), which in addition specified that 90% of their sample of
students “are not seeing uncertainty as a new concept”.

Niedderer’s group found out a “rather low level” of qualitative understanding of the wave function
and of the Schrodinger equation. Typical student sentences sound like: “The electron is in no
position, its position can be described approximately by psi”. The implied link between ¥(x) and
position was also analyzed: only about V4 of the sample used the wave function concept according
to QM, %2 used prevalently a pure classical trajectory conception, % used some intermediate
conception with elements of trajectory and statistics (Niedderer et al. 1995). The students'
approaches to probability in QM are: algorithmic (instrument to solve problems); causal descriptive
(understanding of the probability distributions as a step by step reconstruction); probability as
inaccuracy (Niedderer et al. 1999). Bao and Redish (2002) evidenced a connection between
difficulties about probabilistic interpretation of psi and a poor comprehension of classical
probability. The Maryland PERG also found that many college students attribute a materialistic
nature to the wave function (Steinberg et al. 1999). Singh (2001) stressed the difficulties of college
students in: the use of the superposition principle, attributing a meaning to the wave function,
distinguishing the state, its formal representation, the eigenvalue associated to it.

Starting from this scenario, several studies were carried out in Italian pilot classes on how upper
secondary students construct quantum concepts (Stefanel 2001; Michelini 2008; Michelini et al.
2004; Michelini, Stefanel 2008, 2010), following a learning/teaching proposal on QM, developed in
previous research (Ghirardi et al 1995,1997; Michelini et al. 2000).

The study here presented aims at showing how students face the quantum formalism and
interconnect it with concepts.

2. Research questions

The present study focuses on the following research questions.

RQ1. How do students link concepts and the corresponding formal representation?

We are interested in what activates this link in particular about: the probabilistic interpretation of
quantum measurements; the vector representation of a state and the superposition principle; the
meaning of eigenvalue/eigenvector.

RQ2. How do students use quantum formalism to represent concepts?

Our goal is to explore how students manage and/or use a very basic formalism going deep into
quantum concepts.



RQ3. Which mathematical aspects are resonant with students way of thinking/communicating QM?
Our objective is to individuate which formal aspects can be more useful in conceptual organization
of students .

3. Instruments, Methods, Context

We used eight different instruments to carry out the experiment, collected data and followed the
students’ learning processes. Here we will discuss in particular: Educational path; Worksheets for
students; Pre/Post test; Final written composition made by students.

3.1 Educational path. The educational path introduces the basic QM formalism according to a
Dirac approach presented in several papers (Ghirardi et al. 1995, 1997; Michelini et al. 2000;
Michelini, Stefanel 2004; Michelini 2008). It aims at constructing the fundamental quantum
concepts with: a vertical development, from phenomenology to formalism; an horizontal
development, from the bi-dimensional vectorial space of light polarization (Michelini, Stefanel
2006), to generalization (Michelini, Stefanel 2004; Michelini 2008, Michelini et al. 2008). Here we
focus on the steps related to the introduction of formalism.

The first step is the representation of the photon polarization state with an arrow. This arrow, treated
as a vector, can be used to evaluate the probabilistic measurement previsions (Malus law), using a
(squared) scalar product. Mutually orthogonal vectors are associated to states related to mutually
exclusive polarization properties. The formal representation of the quantum linear superposition
principle emerges as an expansion of a polarization state vector u using two orthogonal state vectors
h and v: u=y h+y,v. The amplitudes y; and y; are associated to the probability of transition from
u to h (and v) states and give an alternative representation of states (the wave function formalism).
Starting from this representation the non classical nature of quantum probability (quantum
interference) emerges. Using the concepts of orthogonal states and the scalar product, the formal
results are generalized just by running the index n from 1 to oo.

The last step suggests to analyze a Polaroid as a selector of state, represented by a projector of
vectors, then construct a more general operator: ©=p1hh-+p2vv-, useful to evaluate the expectation
value of quantum observables (as polarization). The generalization of these results completes the
path.

3.2 Worksheet for students. Five inquiry worksheets (WS) are used by students during the activity
(Michelini M. et al. 2008): WS1-2-3 aim at exploring and constructing concepts; W4-5 aim at
bridging concepts and formal representation. Table I summarizes objectives and main knots of
WS4-5.

WS4 - Vectors and quantum states WSS - Linear operators and physical observables
Knots Knots

e Probabilistic interpretation of Malus Superposition principle resume

law and the square of scalar product Polaroid as projectors

State vector Projectors: vv-, hh-

Superposition principle Operator: O=[g1(vv-)+g2(hh-)]

Role of probability amplitude Linear operators and physical observables
Quantum interference Expectation value of an observable

Conclusions e FEigenvectors and Eigenvalues of a linear operators
Table 1. The conceptual knots considered in the worksheets WS4 and WS5.

3.3 The Test. The questionnaire, used as pre/post test, provides 15 items: 2 open-ended questions,
13 multiple choice questions (only an exhaustive answer) and the choice explanation. The first
seven questions are about concepts, and were discussed in previous works (Michelini, Stefanel
2008, 2010); other three questions are about the photon phenomenology; the remaining five
questions are about the formalism. Here we focus on item 8, about the probabilistic interpretation of
W, and on the item 14, about the physical meaning of eigenstates and eigenvectors.



3.4 The final examination simulation. Two months after the end of the experimentation, the
following open-ended question was posed during an official simulation of the final examination:
Discuss the meaning of the association operator-physical observable in QM, in particular showing:
the role of operators in the evaluation of the expectation value of a physics observable of a system,
the meaning of eigenvalues and eigenvectors of the operator.

3.5. Analysis methodology. The frequency of answers was evaluated for multiple choice questions.
The open answers, including the final written composition, were analyzed in three steps:
individuating the answer categories; classifying each answer in a category according to the main
elements; evaluating the frequency for each category.

3.6 The context. The educational path was proposed to 17 students, 18 years aged, in a final year
class of an upper secondary school in Udine. Our sample, the same of a previous work focused on
conceptualization (Michelini, Stefanel 2010), is composed by the 16 students attending the entire
module. According to the teacher initial evaluation, the level of students was middle-high; they
attended a five years course of physics, having experience in the construction of concepts from
experiments, knowing polarization phenomenology.

4. Data and results.

4.1 WS4-Steps1-2. Students consider the following situation: a photon beam interacts with two
Polaroids aligned with the beam. They are requested to A) evaluate the probability P of photon
transmission and B) correlate it with the scalar product of the unit vectors U and W, forming an
angle 6 and representing the permitted directions of each of the two Polaroids. Then C) they are
suggested to represent the state of the photon transmitted by the first Polaroid with a vector u//U
and D) are requested to indicate if this association is sufficient to reproduce the experimental results
and E) if the unit vector u can be effectively used to represent the photon state.

A) All students evaluated P as P=cos’0, B) connecting this results with (UoW)2 (11/16 of students),
or repeating c0s’0 (5/11); C) choice that photon state is defined only by U (16/16). D) They
consider sufficient the association state and u vector to reproduce the experimental results. E) The
motivations categories exemplify three ways of students’ approaches to formalism: G1) geometrical
modality, the framework is the elementary plane geometry (“Yes, we need to know only the angle")
(8/16); physics/operative correspondence, the reference is a physical apparatus ("Yes, because the
first Polaroid does not depend on the second") (5/16); G3) sentence/conceptual modality, the
reference is the state concept ("When I know the photon state, I can reproduce the experimental
results for each Polaroid orientation") (3/16).

WS4-Step3. The question posed to students is: “The probability P represents the probability of
transition between the two states of the photon: Clarify this assertion in light of the basic formalism
that has been introduced”. The emerged categories of answers are: A) formula—“P:(U°W)2“ (2/16);
B) Mix of Gl-geometrical and G3-conceptual modalities-"The probability P is represented by the
probability of a photon to make a transition from state U to state W in relation to the transmission
angle 68" (3/16); C) G3-conceptual modality-“If the photon is transmitted, it makes a transition to
the w//W state; if it is not transmitted, it makes a transition to the state mutually exclusive with
respect to the w//W state” (5/16); D) no answer (6/16).

WS4-Conclusions. At the end of the worksheet, students are requested to: A) “Resume the
conclusions obtained in this worksheet discussing briefly the case of the 45° polarization state
(represented by vector uys), considered as superposition of h and v states, represented by h and v
unit vectors”; B) “Conclude resuming the physics meaning of the superposition principle and its
formal expression”.

Students did not answer to each question separately, but with a single sentence for the two, referring
to light polarization. Four categories of answers are recognized: CA) Superposition
(“Uss="¥v+W¥;h: the unit vector u can be seen as superposition of v and h. The product u-u=1. ¥, e
W, characterize all the possibilities of the photon that is in a superposition of states" (6/16); CB)
Formula (incomplete/incorrect) (2/16); CC) Sentence ("The vector Uss must be considered as a state



of superposition of states represented by mutually exclusive vectors (h, v)" (6/16); No answer
(2/16).

4.2 WS5 —We consider only the following question: “Do you recognize a correlation from this
formal result [a projector acting on a vector] and the action of a Polaroid on a photon beam prepared
in a state represented by u’, when the permitted direction of the Polaroid is along V?”.

The category of students answers are: O1) functional link (5/16)-"Yes, because through the polaroid
pass only photons with v polarization and (vv-) projects u on v. In both cases the photons in the
orthogonal states do not pass"; O2) Identification (4/16)-"it represents probably the phenomenon of
polarization..."; O4) Geometrical (4/16)- "Bigger is the angle between u and v (lower is the
projection), lower will be the probability that the photon will be transmitted"; O4) Change of state
(2/16)-"the polaroid makes photons change from state u to state v"; O5) No answer (1/16).

4.3 Test. For what concerns item 8, all students, after the module, associated W(x) to a probabilistic
information. For what concerns item 14, students prevalently recognized the physical meanings of
eigenvectors (13/16), and only in few cases considered eigenvectors as particular states of the
system that are rarely realized (2/16), generic states of the system (1/16). Students considered
eigenvalues as: numbers associated to the probability to obtain the results of the measurement of an
observable A (8/16); numbers that do not have immediate physical meaning (2/16); the possible
values that are obtained measuring an observable A (5/16). Only less than 1/3 recognized the
meaning of eigenvalues, emerging prevalently as an association with probability.

4.4 Simulation of the Final Examination. From the final open written composition we just resume
some results: about 60% of the sample shows competence in autonomously managing operators,
recognizing their role in QM; a large majority of students was able to identify what an eigenvector
is, prevalently associating to it its physical meaning (Eigenvectors are: "possible states" “after the
measurement” (9/16)) or its geometrical interpretation (“Eigenvectors are the vectors that, applied
to the operator, results in the vectors themselves multiplied by some values" (8/16)). 11/16
students recognized also the role of eigenvalues (a better performance than the one of the test); only
5/16 identified eigenvalues with probability amplitudes, states, expectation values.

5. Conclusions
A study on how upper secondary school students face quantum mechanics formalism was
conducted with 17 eighteen year old students, in a class of an Italian school. The educational path
proposed a research based on the Dirac conceptual approach to quantum theory and his basic
formalism, starting from polarization phenomenology and generalizing the results in other contexts.
The data were collected from different sources: worksheets filled by students; pre/post test; a
written composition made by students during the simulation of the final examination.
From data it emerges that students do not have difficulties to analyze the phenomenology of
polarization and to manage the related two-dimentional vector space. Students need a
phenomenological context, in order to anchor their conceptual and formal thinking development
and where they can recognize the plausibility and the meaning of the introduced formal
instruments/tools. These processes emerged when students linked probabilistic previsions and scalar
product, Polaroids, projectors. Nevertheless, students needed to explore different phenomenologies
to generalize what they learn in the anchoring context. In our study the learning outcomes were
mainly referred to the anchoring context of polarization (RQ1).
We individuate four modalities about how students approach and use the formalism (RQ?2),:

* The formula modality (The quantum rules are reduced to a mathematic formula)

* The geometrical modality (The quantum rules acquire meaning because they can be

geometrically interpreted)
* The descriptive/conceptualized modality (The need to give a description in words of
quantum rules and concepts prevails on their formal representation)
* The physics correspondence (between quantum concept and mathematic representation)



The students approaching formalism according to the first modality, evidenced initially a
geometrical modality. They did not evidence effective connection between concept and formalism.
The second and third modalities are natural ways of thinking for some students, appearing as
bridges toward the construction of a mathematical representation of concepts in many cases.

The mathematical aspects resonating with students way of thinking (RQ3) are: the scalar product
and the probability of transition; the state vector and the linear combination of the superposition
principle; W to correlate vectorial formalism and probability of transition; eigenvectors as possible
states after a measurement. On the other side, the eigenvalue concept and the explicit link between
mutual exclusive properties and orthogonal states are the main critical formal aspects. It seems to be
related to the geometrical/concrete modality by which the formalism is approched.

References

Aiello Nicosia M. L. et al. (1997) Teaching mechanical oscillations using an integrated curriculum, 1JSE, 19, 8, 981-
995

Auletta G. (2001) Foundations and Interpretation of QM, Singapore: Worl Scientific.

Bao L, Redish EF (2002) Understanding probabilistic interpretations of physical systems: A prerequisite to learning
quantum physics, AJP 70 (3), 210-217

Cern (2002) http://teachers.web.cern.ch/teachers/archiv/HST2001/syllabus/syllabus.htm

Fletcher P., Johnston I. (1999) Quantum Mechanics: exploring conceptual change, in Zollmann D. Eds (1999), 28-31.

Ghirardi G.C. (2004) Sneaking a look at God's Cards, Princeton University Press USA.

Ghirardi G.C., Grassi R., Michelini M. (1995) A Fundamental Concept in Quantum Theory: The Superposition
Principle, in Carlo Bernardini et al. eds. Thinking Physics for Teaching, NY: Plenum, 329-334.

Ghirardi G. C., Grassi R., Michelini M. (1997) Introduzione delle idee della fisica quantistica e il ruolo del principio di
sovrapposizione lineare, LENS, XXX, 3-Sup., Q7, 46-57.

Michelini M. (2008) Approaching the theory of QM, in Frontiers of Physics Education, R.Jurdana-Sepic et al eds.,
Rijeka: Zlatni, 93-101

Michelini M., Ragazzon R., Santi L., Stefanel A. (2000) Proposal for QM in secondary school, Phys. Educ. 35 (6) 406-
410.

Michelini M., Ragazzon R., Santi L., Stefanel A. (2004) Discussion of a didactic proposal on QM with secondary
school students, Il Nuovo Cimento, 27 C, 5, 555-567

Michelini M., Santi L., Stefanel A. (2008) WorkSheets for pupils involvement in learning QM, in Frontiers of Physics
Education, Jurdana—ﬁepié R. et al eds., Rijeka: Zlatni, 102-111

Michelini M., Stefanel A. (2004) Avvicinarsi alla Fisica Quantistica, Udine: Forum.

Michelini M., Stefanel A. (2006) Hands-on sensors for the exploration of light polarization, in G. Planinsic, A Mohoric
eds, Informal Learning and Public Understanding of Physics, Ljubljana: Girep, 202-208

Michelini M., Stefanel A. (2008) Learning Paths Of High School Students In QM (2008), in Jurdana-Sepic R., in
Frontiers of Physics Education, Rijeka: Zlatni, 337-343

Michelini M., Stefanel A. (2010) in Santoro G. ed, New Trends in Science and Technology Education, Bologna: Clueb,
307-322.

Miiller R, Wiesner H (2002) Teaching QM on an introductory level, AJP 70 (30), 200-209

Newton R.G. (2004) What is a state in quantum mechanics?, AJP 72 (3), 348-350.

Niedderer H. , Bethge T, (1995) Students’ conceptions in quantum physics, University of Bremen.

Niedderer, H., Deylitz, S. (1999) Evaluation of a new approach in quantum atomic physics in high school. In D.
Zollman (Ed.), 23-27

Singh, C. (2001) Student understanding of quantum mechanics. AJP, 69 (8), 885-895

Stefanel A. (2001) Interazione di fotoni con polarizzatori e cristalli birifrangenti per 1’introduzione del concetto di stato
quantico, LFNS, XXXIV, 1-supplemento.

Steinberg R., Wittmann M. C., Bao L. and Redish E. F. (1999) The influence of student understanding of classical
physics when learning quantum mechanics, in D. Zollman (Eds) (1999), 41-44.

Styer D.F. et al. (2002) Nine Formulations of Quantum Mechanics, AJP 70, 288-297

Zollmann D. Eds. (1999) Research on Teaching and Learning OM, NARST, www.phys.ksu.edu/perg/papers/narst/.




Mathematics as a resource in understanding the peculiar characteristics of magnetic field

.1
Carlo Cecchini
cecchini @dimi.uniud.it

Marisa Michelini®
marisa.michelini @uniud.it

Lorenzo Santi’
santi @fisica.uniud.it

Stefano Vercellati’
stefano.vercellati @uniud.it

Mathematics' and Physics” Department, University of Udine, Italy

Abstract

Despite that mathematics is the basic language used by physicist to construct formal
entities, at high school level sometimes this is poorly implemented, as the case of the
naive definitions of important entities like the pseudovector (axial vector) and the
limited use of the study of the symmetries for example in the analysis of
electromagnetic systems. In this paper two simple experimental contexts are proposed
in which students investigate the pseudovectorial nature of electromagnetic field vector
and a simple formal explanation of its nature starting from the analysis of its behavior.

Introduction

Mathematics provides to physicists powerful ways to describe the phenomenological world through
formal entities, with properties that constitute tools for the analysis and allows researchers to
deduce important conclusions starting from the individuation of simple elements observable into the
physical systems. In particular, in this framework, one of the most important theoretical tool is the
Neother’s first theorem (Noether et al 1918) that, in its simplest formulation, relates the presence of
symmetries in a physical system to conservation laws: symmetries in classical and modern physics
have a pivotal role in the description of the physical systems, so the knowledge of how formal
entities are transformed by symmetry operation is crucial (Foot & Volkas, 1995; Kozlov & Valerij,
1995; Mohapatra & Senjanovi’c, 1981; Redlich, 1984).

The role of symmetries in high school physics education is often underestimated and this is due to a
not so strictly definition of the formal entities, that points only to the definition of the structure of
the entities and not to the way in which these entities are transformed by symmetry operations. The
main example is the definition of ‘vector’, without stressing the difference between polar and axial
vector. This distinction becomes relevant only in the higher level courses, creating so an intellectual
gap between student’s studies in undergraduate and graduate mathematics (Kolecki, 2002). In the
student learning path, this gap seems to be a “no man’s land” and represents a huge difficulty for
students, so a specific activity that allows students to face the difference between axial and polar
vectors has to be introduced.

To analyze the symmetries of the electromagnetic system is pivotal to know the transformation
properties of the electromagnetic quantities under space inversion, charge conjugation and time
reversal (Rosen, 1973). In particular Pierre Curie (1894) was one of the first scientists that
demonstrate that the electric and magnetic vectors are transformed in a different ways under the
space inversion highlighting the different nature of the two vectors: electric field vector transforms
as a “normal vector” (as position, velocity and acceleration vectors) and the magnetic field vector
(Roche, 2001) transform as an axial vector -or pseudovector- (as angular momentum vector).



In this work, that is a part of a larger work of research, we highlight the role of the formalism in the

description of a quantity such as the magnetic field vector B, proposing two experimental context in
which its pseudovectorial nature its explored.

Experimental exploration of the pseudovectorial nature of the magnetic field vector

We propose two contexts to introduce at high school student level the idea of the magnetic field
vector as a pseudovector entity: the study of the magnetic field generated by a coil and the study of
the effect of the magnetic field on a moving point charge (Lorenz force).

In the case of the magnetic field generated by a coil, experimentally, we observe experimentally
that a compass set in the center of the coil indicates the presence of a magnetic field having
direction coincident with the axis of the loop and the versus given by the right-hand rule.

In a reference system with the xy plane parallel to the plane of the coil, we investigate the
transformation proprieties of the formal entities describing the system.

In particular, let us consider the magnetic field vector in the center of the coils (B) and a general
position vector p (as shown in Figure 1a). After rotating the system around the x axis, the compass
shows that the magnetic field vector in the centre of the coils transforms in the same way of the
position vector (Figure 1b).

: A

a) b)

Figure 1: Rotation of a coil

If we consider instead a specular reflection transformation of the system respect to the xy plane, the
compass shows that the transformation rule of the magnetic field under this symmetry
transformation differs from the transformation rule for the position vector (Figure 2b).

a) b)

Figure 2: Symmetry transformation of coil

The case of the Lorentz force can be experimentally explored considering a moving charge between
two Helmbholtz coil. If any dissipation phenomena is neglected, the motion of charge can be one of
the following three types: circular uniform, helicoidally uniform (with step, radius and speed of
traveling constant) or rectilinear uniform.



In each one of these types the magnitude of the charge speed is constant during the motion, while
the type of trajectory depends on the orientation of the starting velocity. In addition, the
examination of the phenomena leads to the conclusion that there is a force (F) acting perpendicular
to the velocity vector (¥): ¥ € R® F L ¥ at every point of motion.

Moreover, because of the constant step of the helix, we deduce that the force acts only in the plane
perpendicular to the axis of the helix, and the parallel velocity component to the helix remains
constant. Also, depending on the motion of the charge, we see that the helix axis is parallel to the
axis of the uniform circular motion and coincident with the direction of the rectilinear uniform one.
These results allow to 1nd1v1duate a constant entity built up from the relevant vectors dynamically

describing the system: — >( — A simple reasoning shows that this vector is essentially equivalent to

the magnetic field Vector.
Rotating the system around the x axes (Figure 3), the magnetic field vector and a general position
vector transform in the same way.
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Figure 3: Rotation of a simple electromagnetic system

If we consider instead a reflection respect to the xy plane the two vectors transform in different
ways.

viv = Ffgv viv = Flgv

Figure 4: Symmetry transformation of a simple electromagnetic system

So, in these examples, the magnetic vector transforms “normally” under the rotations of the system,
but not under reflections.

Introducing pseudovector to high school students

In low level course physics, concerning three dimensional space, vectors are defined as abstract
objects that are represented and characterized by: magnitude, direction, versus and (eventually) an
application point As concern operation with vectors, in particular, two external products are
defined: the scalar product and the vector product. The first one associates to the two vectors a
scalar quantity and the vector product associates to the two vectors a third vector (not belonging to



the initial vector space) and having perpendicular direction to the plane that carries the two starting
vectors and its verse is established using the right-hand rule.

More formally, a vector ¥ is the element of a vector space, i.e. an object that can be added or
subtracted to similar items and multiplied by the scalar. Given an n-dimensional Euclidean space
and a set of n linearly independent vectors (i, ...1,)), any vector of the space can be written as a
linear combination of these n linearly independent vectors: ¥ = @, + == + G, U,

The {zz;]} set is called a complete base for the vector space considered and every vector of the space
may be represent as the n-tuple of the real numbers {&,} so ¥ = (ay, ..., @,).

From the other side, geometric transformation as rotation and symmetry rotation are formally
functions that map between two vector spaces (or - as in our case- from one vector space to itself)
and, if we limit our analysis to the case of a linear transformations, they preserve the properties of
the linear combinations of vectors. In particular linear geometric transformations can also be seen as
a base change in the vector space.

If we use a different complete base, for example {w}, we would have ¥, = b,w, + =+ b, W, so

% = (by, v by).
Inpartlcular
—chhu+ -+ b, Zc U_Zbcnu"' —|-Zb U= b}-c}-iﬂi
j=1i=1
e Gy bj_
N ) T
j=1i=1 j=1i=1 v G bn

So linear geometric transformations can also be seen as a base change in the vector space. In
particular, they can be represented by a matrix in the case of a transformation that maps from a
space in itself.

In the case that the two bases {w;} and {u;} are orthogonal, the {c, ; } matrix is also orthogonal; i.e. it
is a square matrix with real entries whose columns (and rows) are orthogonal unit vectors. In
particular the determinant of this type of matrix is equal to +1

A reflection respect to a particular plane is a transformation of the vector space in itself
(endofunction and isomorphism) that maps every single point of the vector space in one and only
one point of the same space (bijective) without altering the distance between two starting points and
the two reflex points (isometric).

So is possible to define a linear application f, representable as a matrix, that connect to each point P

1 0 oy/E P,
of the space to his transformed and result for reflection f [ﬁ ) = (IZI 1 0 ) F, 1= B |and
0 0 —-1/\E —P,
. -1 0 o0\ /F —F,
for the considered rotation f [ﬁ) =( 0o 1 0 ) F, |=| B
0 0 —-1/\R —P,

We notice that the first matrix as determinant equal to —1 and the second one has determinant +1.
Experimentally we observe the strange behavior in the case of reflection, and in particular,
considering other type of transformation, can be show that for all transformation that has a
representative matrix having determinant equal to +1, the magnetic field vector transform as a
‘normal vector’, for the other (that have determinant equal to —1) the transformation rules are
different. In particular, concerning the reflection respect to the xy plane, experimentally:

B, —B, 1 0 o0\ /B: B,
B, |— | —B, |while if we apply the “standard” rule: (III 1 0 ) B, |=| By
B E_ 0 0 —1/\B, —B,

=



Since B behaves differently from g under particular transformation, they must be two different
formal entities and this difference is highlighted in these particular context.

We go now to investigate the formal nature of B. Considering a coil carrying an uniform electric
current oriented in any way in space (relative to a orthonormal reference system xyz), from the Biot-
Savart law the magnetic field vector is defined as:

- Idl X #
B_#ﬁ

 4n r?
That in the case of the magnetic field generated in the center of the coil, can be rewritten as:
— I > I - |
=t ,,Jdl}(r“ = £o onr(di x 7) = £ (al x 7)
4y - = 2mr
Posing k = £2=, we obtain B = k(dl x 7).

To discover the nature of B we must then go to investigate the nature of the vector product di X #.
The vector product is usually defined as an application that maps from (R?® x R?) in R* so at two
vectors will be associated a third vector that does not belong in the starting space.

In particular the components of B are of the type B, = k[i}_'rz — izr}_] with cyclic permutation of
the index. As can be seen the x component of B depends only on the y and z components of the
vectors # and [. To emphasize this fact we can propose a change of notation: B,. = B, (and similar).
Calculating all possible B;; values and grouping them into a matrix we obtain:

Bev Biy B o B, -B,
B=|Byx By By |=|-8. 0 B
B.. B., B. B, =B, 0

This new notation allows to rewrite the magnetic field as an antisymmetric matrix with zero trace,
that is uniquely associable to a set of three numbers {EI,E}_, Es‘z] that, in the three dimensional space,

with an abuse of notation are usually graphically represented as a vector B having components

¥ I
B

g
The advantage given by this new representation is strictly connected to the rule of transformation.
In fact matrix under basic transformation, transform according to a rule that differs from the one
used for the vectors. In particular they transform following the law B = TSES; where B is the
transformed of B and 5 is the usual transformation matrix for vectors and 'S5 is the transposed
matrix of the matrix 5. So, in the case of reflection,

1 0 0 0 B, —By\/s1 0 o 0 B B, —B,
B'=T555=(0 1 n) —-B, 0 B, (0 1 u)= -B, 0 —-B,|-|-B,
o 0o —-1/\B, —-B, 0 flo 0o -1
and in the case of rotation
_ -1 0 0 0 B —By\y-1 0 o0 0 —-B. —B,
B = TSB:»::(G i n) -B. 0 B, (o i o)= B, 0 -B,
0 0 -1 B, —-B, 0 0 o
_Bx
— B}.
_Bz
That are both consistent with the experimental exploration.
In the end, to find an agreement between experiment and theory, the magnetic field cannot be
represented by a vector, but by a 3x3 matrix. Formally this is expressed by saying that the magnetic
field is a tensor of order two.



Conclusions

In the path we proposed, starting from experimental exploration of phenomena, the students face a
situation in which the “standard” representation of the magnetic field fails and, through the use of
the formal description provide by mathematic, they review the definition of the formal entity. In this
way the experimental framework allows students to stress the difference between vector and
pseudovector (i.e. polar and axial vector) an the formal approach applied to the specific situations
allow them to bridge one of the main highlighted gap in the student studies, providing them a
formal description in which they face the ‘real’ formal nature of the magnetic field.

Acknowledgment to professor Pietro Corvaja and Sebastiano Sonego (University of Udine —
Departments of mathematics and physics) for the help and the fruitful discussions.
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Abstract

The present study was carried out in the context of a QM course for physics
teachers participating in the Weizmann-Rothschild MSc program for excellent
teachers. The physics courses in the program were especially designed for the
teachers, and the interplay of mathematics and physics played a central role. The
study investigated the goals of the course as conceived by the instructor, the
intended plan for its implementation, the changes that were introduced along the
semester in response to the feedback and the learning outcomes. The data-sources
included observations, interviews, group discussion, oral and written feedback
and a conceptual questionnaire based on the QMVI and the QMCS [1, 2]. The
findings indicated that the instructor made a very clear distinction between the
goals of this course and those of a graduate QM course for future scientists. The
instructor reduced the level of mathematics and emphasized the conceptual ideas
behind the mathematics ("developing sense of understanding"); he adapted a
historical approach and elaborated on the logic behind the formulas. During the
course both the instructor and the TA supported the teachers in mathematical
aspects and responded dynamically to their needs by changing the assignments
and the assessments. In spite of the reduced mathematical level, teachers'
achievement in the conceptual questionnaire was similar to those of other groups
reported in the literature. The teachers indicated that the course developed their
confidence in coping with mathematical challenges and made them more aware of
their students' needs.

Introduction

Designers of advanced courses for physics teachers, who graduated from university many
years ago, must address primarily teachers' mathematical knowledge. Instructors either adapt
their teaching to this background or complement the essential mathematical knowledge as
well as the skills needed to use this knowledge in physics. For example, in the Modeling
project Hestenes, (2003), in order to describe physical events, teachers learn modeling skills.

In addition, learning science involves interaction between physics and mathematics. However,
both research and teaching experience indicate that learners, at all ages and levels, lack the
ability to construct the mathematical models of physical processes or to describe the physical
meaning of mathematical constructs. Clement et al. (1981) report on the pitfalls freshman
engineering majors encounter when they are asked to construct equations to match situations
described in words. Bagno et al. (2007) carried out diagnostic studies showing that high-
school students face difficulties describing the physical meaning of formulas. Cohen et al.
(1983), found that both high school students and their teachers often fail in qualitative



reasoning on DC circuits despite the fact that they are able to apply correctly the relevant
mathematical algorithms. Rebmann and Viennot, (1994) discuss the difficulty of many
university physics students in applying and interpreting algebraic sign conventions
consistently in a variety of topics.

The study described in this paper was carried out in the context of the Rothschild-Weizmann
MSc program for excellent teachers. This program was established to provide an opportunity
for excellent active teachers to get advanced training in their disciplinary field and in science
education. The program aims to promote teachers' enthusiasm and professional standing and
to form a community of excellent leading science teachers. Presently the program operates in
the fields of secondary physics, chemistry, biology and mathematics. The courses of the
program have been especially designed for these teachers, and the role of mathematics and its
interplay with physics has been a central issue that concerned the physics instructors in the
program. In this paper we focus on the QM course given in this program to the first group of
teachers.

Research questions
1. What were the goals of the course and what was its intended content and pedagogy?
2. What were the changes in the course that were introduced along the semester?
3. What were the learning outcomes of the course?

Method
The Setting

The Course: The QM course was the first course in the 3 years program. It lasted 14 weeks
- 4 hrs lecture and lhr recitation each week. In addition, 3 PhD physics students served as
tutors (1 tutor per 2-3 teachers), each week for 2 hrs. Before the course, the teachers attended
a 20 hour workshop reviewing the mathematical background needed for the course. The
teachers were required to hand in a total of 8 HW assignments.

The Teachers: Eight experienced high-school physics teachers participated in the course.
They completed their formal studies over 15 years ago. Seven had a BSc in physics and took
an undergraduate course in QM. One teacher had a BSc in mathematics, but has been teaching
high school physics for many years. Since graduating, the teachers attended occasionally
short teacher courses. The topics they teach include mostly classical physics, and some
introduction to 20™ century physics.  The teachers continue to teach and come to study two
days in the first two years of the program and one day in the third year. The QM course was
the first course in the program.

The Instructor and the TA: The instructor of the course is a physics professor at the WIS,
with many years of experience in teaching QM to graduate physics students. The TA is a
PhD student at the physics department. He holds an MSc degree in theoretical mathematics.
The design and teaching of the course was a new experience to both of them.

Data sources

The following data sources were collected: 1. Observations of all classes and recitations by
the researchers. 2. Interviews and informal talks prior, during and after the course with the



teachers, the instructor and the TA. 3. A group discussion with the students, the instructor
and the researchers at the end of the semester. 4. An oral exam at the end of the course. 5. A
QM survey administered two months after completing the course. The survey consisted of 10
conceptual questions taken from the QMVI, Cataloglua and Robinett, (2002), and the QMCS,
Mckagan, and Weiman (2006). These questionnaires are usually given to both undergraduate
and graduate physics, engineering and chemistry students. The questions related to topics
such as probability density, particle behavior of waves, discrete energy levels and tunneling.
The students were asked to explain each answer. The questions were chosen by the instructor
as representing the knowledge he believed the students should have acquired during the
course.

Findings

What were the goals of the course and its intended content and pedagogy?

The teachers judged initially the course in light of their previous experience with teacher
workshops that they attended. These workshops were usually related directly to the topics
that they taught in school, while this course seemed initially to be unrelated to their work:
...why do we need this course, how would it help us?" Moreover, they did not expect a heavy
work load "... we thought that we'll come, hear and that's about it.”

The instructor made a very clear distinction between the goals of this course and those of a
graduate QM course for future scientists, "... I don't think that a teacher should know second
quantization...Landau levels. This is interesting and nice, ...but my consideration is what a
teacher who won't deal with research needs to know.... I won't go to the same direction as the
continuing studies we teach here (at the WIS) to our "regular” students, but would go to
directions I assumed could be useful for the teachers in their physical outlook as teachers..."
"...in regular courses we don't care so much for the understanding of the students, because
we believe that the understanding will come later on... here we probably have to work
differently... since they won't get another chance to think and to do.”

The following goals of the course came up in the interviews:
1. Deepening and updating the teachers' knowledge. In particular, developing
conceptual understanding ("sense of understanding").
Providing opportunity to see how scientists think.
Promoting teachers' confidence in their physics knowledge.
Developing physics thought processes.
Contributing to school teaching (e.g. enhancing understanding of the topics of waves
and its relationship to geometrical optics).

AW

Following the considerations described above, the QM graduate course, which tends to be
very mathematical, has been fitted to this special group. The instructor debated with himself
what approach to take:"...there are two kinds of textbooks: there is the kind that first gives the
formal tools...and 1 felt it was too abstract...at the beginning I wanted to do...I see the
abstract structure of the QM, but then I though: what if this won't "catch"?

Following these considerations the following didactical plan emerged:

1. Focus on developing ''sense of understanding'': The instructor and the TA
emphasized conceptual ideas, such as the wave behavior of a particle, the meaning of
the uncertainty principle, qualitative description of wave functions in a potential well
and the meaning of eigen-functions and of eigen-values.



Al

2. Historical presentation and logic behind formulas: "... I did the teaching more or
less using an historical approach. I began with de Broglie, I talked about Schrodinger,
and so on. " "...this way is full of stories, and stories are an interesting thing, if the
teachers would like to pass them on (to their students.)

3. Lower level of mathematics: The instructors fitted the mathematics to the teachers:
What level of mathematics is needed to get the teachers to a "sense of understanding"?
How to demonstrate physics thought processes that are heavily based on mathematical
reasoning? What level of mathematics is required to promote teachers' confidence in
their ability to cope with unfamiliar topics in their teaching (e.g. in guiding project-
based learning)?

4. Assignments: The teachers were asked to hand in HW assignment, on the average,
once in two weeks "just listening to lectures without “hard work” on applying the
knowledge is not effective."

5. The content: The intended content included atoms, (including periodic table),
photons, interaction between atoms-photons and molecules.

What were the changes in the course that were introduced along the semester?

Overall, the major goals listed above, as well as the basic approach did not change. On the
contrary, the instructor and the TA became more and more convinced that the general
approach that they have developed has a potential to achieve the goals. The instructor and the
TA responded dynamically to the teachers' needs and the researchers' feedback. They changed
the structure of the course, and the support given to the teachers, as well as the assignments
and the assessments. The following are some of the changes in relation to the intended
curriculum described above:

1. Focus on developing '"sense of understanding'': Along the course it became clear
what were the challenges that stood in the way of achieving this goal:

e "Seeing the big picture': It seemed along the course, that some of the
teachers do not see the big picture although they could understand specific
points. This surprised the instructor and he decided to give them some
complementary classes at the end of the semester devoted to the big picture.
The students thought that this was very helpful: "...at least for me it was very
helpful. I think there is a place to do this 2-3 times during the semester, and
this way it helps to keep connected..." The teachers also stated that they would
consider implementing this approach at school.

e The assessment: The instructor was very interested to use the exam as
another opportunity for learning and internalizing the central ideas that he tried
to convey. Hence, it was very important to him that the students would go
over the HW assignments in depth since through these assignments he
attempted to highlight the important aspects that he taught. Consequently, he
decided to give an oral exam in which the teachers are asked to explain one of
the HW assignments and to answer questions relating to this assignment. In
their feedback the teachers reported that this form of assessment was very
effective in helping them internalize and deepen the various goals mentioned.

2. Historical presentation: The implemented approach was similar to the intended one.

3. Reduced level of mathematics: Although expecting deficiencies in teachers'
mathematical knowledge, the instructor and the TA were not aware of the scope of
missing background. The TA said "...A lot of the time was dedicated to math, and so



it was clear that the materials I wanted to teach at the moment was not taught....how
much can you cheat a person , if you cover the subject without explaining the
mathematics?.”" Hence, during the course both the instructor and the TA supported
the teachers in mathematical aspects.

4. Assignments: The first HW assignments consisted of standard, albeit relatively easy,
problems given in graduate courses. The teachers had difficulty to cope with these
exercises, they did not know "how to start solving the problem....". In discussing this
issue between the instructor and the researchers, a new format of problems was
developed. This format explicated the rational of the solution method, as well as the
motivation for giving the particular problem. In addition, the teachers got detailed
guidance how to solve the problems. As time went on, the teachers became more
proficient mathematically, and as described below, felt more confidence in the next
courses. In order to devote more time to practicing the knowledge acquired in the
lecture, a change was introduced in the regular way of running recitations at the WIS:
"... the tradition (at the WIS) is that the recitation is an addition, not exactly a new
theoretical material, but an expansion of the same subject.” In response to the
teachers' feedback, it became very clear that what is needed is helping them with the
homework assignment “The HW assignment is critical. It is their real experience with
the subject. I need to model the HW on the board. To give a similar exercise, a close
one. Not the same, but in fact, choosing the HW and choosing the exercises in class
are assignments with a great correlation.

5. The content: The pace of teaching had been reduced "...in the regular WIS courses, 1
must finish the subject, and that's it...".Eventually, he skipped the topics of molecules
and photons. He added, on the other hand the classical hydrogen atom: "...I saw this
helped them a lot. They saw how a classical atom looks, and how the quantum atom
looks. And they could compare one to another..."

6. Additional changes

¢ Lots of support. In response to the needs of the teachers, 3 PhD physics
students served as tutors (1 tutor per 2-3 teachers), each week for 2 hrs. In
addition, all the instructors were available for the teachers almost 7/24 via e-
mail, phone or at the office.

e Work in groups: The teachers formed work groups
work in groups helps us and unifies us...“

n

...very important. The

What were the outcomes of the course?

The findings suggest that the course contributed to the teachers' knowledge in quantum
mechanics; their capability of coping with other mathematics - based graduate courses and to
their high-school teaching.

Teachers' knowledge in quantum mechanics: Analysis of the 10 conceptual questions
gathered out of the QM survey, showed that teachers gained substantial knowledge in
quantum mechanics. Comparison of 5 of the questions to results of research done on 5 other
groups yielded no significant difference. Moreover, as can be seen in the table, the average of
the WIS teachers for all 10 questions (55.5) is the same as the average of the second best
group of the 5 groups

WIS MOD | Ug QMI | Gg QMI |Q CHEM | Ug QMI
teachers [PHY (33)|Fa00 (14)| (13) (14)  |Sp0O0 (15)

®)




Total
average 55.5 28.5 454 55.5 29.7 58.3

Since the teachers were concerned about the final exam they asked to replace it with an oral
exam. In the interviews conducted after the completion of the course, the teachers reported on
a "sense of understanding". The recitation before the exam with the instructor and the TA was
very fruitful, and helped us in organizing the material. We saw the whole picture. It
contributed to a deeper understanding” and "... an oral exam requires thinking and
understanding beyond formulas".

Ability to study other mathematics-based graduate courses: Teachers felt that as a result
of the quantum mechanics course they are equipped with general tools applicable to other
courses as well: "....today in the statistical mechanics course we saw Gaussians, and we saw
vector products, and we saw differential equations, and no one even blinked..."

Teaching high-school physics: The extensive work, gave teachers confidence in their
intellectual ability. Although the subjects taught in the QM course are beyond high school
syllabus, the teachers said they are not afraid to relate to topics from the course in their
teaching.

"I think this course made a real contribution. "...I have more answers for the students in the
content level..., not that I teach QM, but this is a subject that always comes up. When students
approach me on recess I feel much more confident... Many times I add small things in class
and tell my students: this is not a thing you will be tested on ..."

The frustrations associated with the learning, allowed the teachers to feel empathy toward
their students: "The QM course, as opposed to other courses, put us in the position of
students. "...After 15 years of teaching, to sit in a student's seat, and to see the other side.... |
think that this is the first year in which my beliefs have been changed. I've changed things...".

U

Conclusions

This paper described a possible way of implementing a graduate course for teachers that
caters to their needs and takes into account their deficient mathematical background. Based
on his experience with the first group of teachers, the instructor decided to precede the
teaching of the physics courses with a more extensive mathematics course. This remedy
together with the special didactics that was used in the QM course may serve as a model for
designing teacher graduate courses that deal effectively with the interplay of mathematics and
physics.
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Introduction
Friedrich Herrmann

What is an analogy? In physics, by analogy we mean that two or more subfields can be described
by means of the same mathematical structure. Any analogy can be resumed in a table that can be
seen as a kind of dictionary. The entries of this dictionary are:

physical quantities

relations between these quantities
physical phenomena

words that describe the phenomena
models

technical devices

particles

fields

When teaching we often use analogies: between the electric and the magnetic field, between a capa-
citor and a coil, between sound waves and electromagnetic waves, between translational and rota-
tional movements, between Newton’s law of gravitation and Coulomb’s law. However, there are
also dormant analogies. No profit is taken of them. And this profit could be considerable.

We shall present a far-reaching analogy between four sub-fields of science: mechanics, electricity,
heat and chemistry. Thus, our dictionary is quadrilingual.

The analogy is based on the fact that each of these scientific domains has its own characteristic ex-
tensive or substance-like quantity: momentum (mechanics), electric charge (electricity), entropy
(heat) and amount of substance (chemistry) [1,2,3,4,5]. The analogy can be extended to phenomena
and processes that are related to the transmission and storage of data [6,7].

The advantages of using this analogy are:



— The physics curriculum is more compact;
— physics is easier to understand,
— the barrier to neighboring disciplines is lowered.

Physics courses based on this analogy have been developed for all levels of education: Elementary
School [8] Junior High School [9], Senior High School [10] and University [11,12]. Moreover,
there are Web based courses that take advantage of the analogy [13,14]. In recent years, the ap-
proach had a substantial impact on official curricula.

Courses have been tested and are now applied in several countries. Just now a test phase is begin-
ning in China.

Wu Guobin from the University of Shanghai for Science and Technology is a key person for introducing the Kar/sruhe
Physics Course in China.

Michael Pohlig is a teacher in Karlsruhe. He also gives lectures for future teachers at the Karlsruhe Institute of Tech-
nology.

Hans Fuchs is a Professor at the Zurich Institute for Applied Science. He is the Author of several text books.

Michele D’Anna is a teacher and teacher educator at Locarno, Switzerland. He is developing an integrated science
course.

Joel Rosenberg is actually working at Lawrence Hall of Science at Berkeley, USA. He is working on a project for ener-
gy education.

Friedrich Herrmann is the coordinator of the Kar/sruhe Physics Course project.
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Teaching physics with substance-like quantities
Wu Guobin

The point of departure is a certain class of physical quantities: The extensive quantities or, as we
like to call them, Substance-like quantities. Among the substance-like quantities are electric charge,
momentum, entropy, amount of substance and energy. What is a substance-like quantity? The val-
ue of such a quantity refers to a region of space. This is different from for example temperature,
pressure or electric field strength: These quantities refer to a point — not to a region of space. Each
extensive quantity X obeys a balance equation, which, in its integral form, reads:

dx
E=IX+ZX

The whole equation also refers to a region of space. dX/0 is the time rate of change of X. /xis the
current intensity of X; it refers to the surface of the region. Finally, Zy is the production rate of X.
The validity of such an equation allows us to imagine X as a measure of the amount of a substance
or fluid. By “imagine” we do not mean, that electric charge, momentum or energy are substances.
We mean that we can speak about each of these quantities in the same terms as when speaking
about a substance. In other words: We are applying a model when dealing with these quantities, the
substance model.

According to this model, the change of the value of X has two causes: First, there may be a flow
through the boundary surface of the considered region, and second there me be production or anni-
hilation of X within the region of space. Thus, the equation establishes a balance of the quantity X.
For some substance-like quantities, the term Xy is always equal to zero. These quantities can
change their value within the region only by a flow through the boundary surface. They are called
“conserved quantities” .

When using the extensive quantities as a basis for structuring the course, we can take advantage of
a far-reaching analogy between the various parts of physics.

We shall construct a table in order to show how the analogy works. First, there are the extensive
quantities electric charge (, momentum p, entropy S and amount of substance 77 (first column of the
table). To each of these substance-like quantities corresponds an intensive quantity (second col-
umn): electric potential ¢, velocity V, absolute temperature 7 and chemical potential x. Moreover, to
each of the extensive quantities a flow or current exists (third column): the electric current /, the
momentum current or force F, the entropy current /s and the substance current /,. Notice, that each
line of the table corresponds to a particular subfield of science: electricity, mechanics, thermody-
namics and chemistry.

The important thing is, that the table not only contains physical quantities, but also relations be-
tween these quantities. Many of the relationships that exist between the quantities of one subfield of
science (one line in the table) have a counterpart in another subfield. An example is shown in the
forth column of the Table. These are the balance equations that we had just introduced: The electric

extensive | intensive
electricity E

mechanics

thermodynamics

U I
4 F
T Is



charge is a conserved quantity, so, there is no production term. The momentum balance is recog-
nized as Newton’s second law. This law can be read in the following way: The momentum of a
body changes when a momentum current is flowing into or out of the body. Force turns out to be
nothing else than a momentum current. Finally, there is the entropy balance. Here the sigma-term is
not zero, since entropy can be produced.

Notice, that the table can be considered a kind of dictionary between four different languages.

There are more entries into the table. There is for instance a generalized capacity. Everybody knows
the electric capacity. But there is also a capacity for momentum. It turns out that this is the mass.
And there is also an entropy capacity, which is, apart from a factor 7, equal to the well-known heat
capacity.

Next, there is a generalized resistance. The electric resistance is well-known, but there is also a me-
chanical and a thermal resistance. An electric current flows in a resistor from high to low electric
potential. We can express this fact by saying: The electric charge goes by itself from high to low
electric potential. In the same way we can say that momentum goes by itself from high to low ve-
locity in a process with mechanical friction. Entropy flows by itself from high to low temperature
and a chemical reaction runs by itself from high to low chemical potential.

But where in this table is the energy? Do we have to create another line with the energy as a sub-
stance-like quantity? The answer is no, since there is no corresponding intensive quantity. Actually,
the energy does not define a new field of physics. On the contrary: Energy is important in the whole
of physics, in each of the fields defined by these four lines. So, in our table, we do not need a new
line for the energy, but a new column — with the energy in every line. In our dictionary metaphor,
energy is an “international word”. It is the same in each of the four languages.

Let us now consider one more column with equations. Each of these equations represents a descrip-
tion of an energy transport. It is customary to say that energy is transmitted in one or the other
“form”, according to which of the equations describes the transmission. The first equation corres-
ponds to the so-called electric energy. If the pertinent relation is that of the next line, then the ener-
gy exchange is called “work”. The next equation describes a transport in the form of heat and the
last one corresponds to chemical energy.

We consider a last example that shows the working of the analogy. We have seen, that electric
charge flows by itself from high to low electric potential. However, often it happens that one wants
the charge to go from low to high potential. This can indeed be realized. We have to “force” the
electric charge. We need to “pump” it from low to high. We need an “electricity pump”. The tech-
nical name for “electricity pump” is battery or generator. An electricity pump brings electric charge
from low to high electric potential.

Momentum goes by itself from high to low velocity. In order to bring it from low to high velocity,
we need a “momentum pump”. The technical name is motor.

Entropy goes spontaneously from high to low temperature. To bring it from low to high temperature
we need an entropy pump, technically called a heat pump.

When taking this analogy seriously, the extensive quantities of the second column are to be treated
as basic quantities. For our teaching we can conclude:

— electric charge from the beginning;
— momentum from the beginning;
— entropy from the beginning.

These are interesting conclusions. Normally electric charge is introduced at the beginning of the
teaching of electricity. Momentum, however, is considered only late in the mechanics syllabus, in
the context of collision experiments. And entropy, at least in schoolbooks, is not treated at all, and
even in University physics it is introduced rather late in the thermodynamics lecture.

The power of our concept is that phenomena, processes, devices, which in the traditional curriculum
appear to be completely independent, turn out to be only different realizations of one and the same
basic structure.



Analogy of energy transports
Michael Pohlig

The equations P= U -/, P=v-F, P=T -/sand P=u - I, (see the table in the previous section)
document, that energy never flows alone. There is always another current of a substance-like quan-
tity, like electric charge, momentum, entropy or amount of substance. One more relation of this
kind, is P=w - [; = w - M. In this case the substance-like quantity that comes along with the energy
is angular momentum. The flow of the angular momentum is usually called torque.

These equations suggest that we can create a vivid and useful picture of an energy transport. We
name such pictures or diagrams “energy flow diagrams”.

ENERGY
boiler radiator

entropy

Fig. 1. Energy flow diagram. The energy carrier is entropy.

Fig. 1 shows the energy transport from a boiler to a radiator in a central heating system. We call the
boiler the “energy source” and the radiator the “energy receiver”. Together with the energy there is
a flow of entropy. Entropy is the “energy carrier”. We say entropy carries energy from the boiler to
the radiator.

ENERGY
generator light bulb

electric charge

,Fig. 2. Energy flow diagram. The energy carrier is electric charge.

In Fig. 2 the energy source is a generator and the energy receiver is a light bulb. Electric charge car-
ries energy from the generator to the light bulb. This diagram is not complete, however. After the
energy carrier electricity has “unloaded” its energy within the light bulb it returns to the source.
Therefore we draw another arrow for the electric charge that goes back to the generator, Fig.3.

ENERGY
generator light bulb

electric charge

Fig. 3. Energy flow diagram. The energy carrier electric charge flows back to the source.

In Fig. 4 the energy source is a turbine and the energy receiver is a generator. Now the energy



ENERGY _

turbine generator

angular
momentum

Fig. 4. Energy flow diagram. The energy carrier is angular momentum. The generator is an energy receiver.

carrier is angular momentum. Comparing figures 3 and 4 we see, that the generator acts simulta-
neously as an energy source and an energy receiver. This observation leads us to introduce yet
another symbol, Fig. 5.

ENERGY ENERGY

generator

angular
momentum

electric charge

Fig. 5. Energy transloader

The generator receives energy with the energy carrier angular momentum and gives it away with
the carrier electric charge. Within the generator energy is “unloaded” from angular momentum and
“loaded” on the electric charge. That is why we call the generator an energy transloader.

Energy is often transloaded several times in succession. An example is shown in Fig. 6.

ENERGY _ ENERGY
generator

ENERGY [

turbine

angular electric light
water momentm charge
under
pressure

Fig. 6. Several energy transloaders in succession.

If the energy transloaders are connected the energy carrier at the exit of the first one must match the
one at the entrance of the second. The rule for chaining energy transloaders is the same as that for
playing domino.



Origin of Analogical Reasoning in Physics
Hans U. Fuchs

Analogical reasoning is a form of figurative thought. Its precise meaning is very much subject to
what philosophical stance one might take. Traditionally, analogy, like metaphor, is considered more
of an embellishment of language than a serious (scientific) form. More recently, however, analogy
has been recognized in cognitive science and cognitive linguistics as a fundamental and indispensa-
ble form of thought underlying much of human creativity.

Here, a definition of analogy motivated by recent advances in cognitive linguistics and in research
into conceptual structures in continuum physics is presented. In this approach, analogy derives from
the fact that human figurative thought leads to structuring of different phenomena with the help of
the same recurring experiential gestalts, called Force Dynamic Gestalts (FDGs). FDGs are struc-
tured on the basis of image schemas (i.e., recurring patterns of experience or experiential gestalts)
that are projected metaphorically onto objects of human thought. The basic aspects of FDGs created
in this manner are quantity, quality (intensity) and force (or power). By employing FDGs, different
phenomena are made similar to the human mind.

This similarity is made use of in analogical reasoning. The best known example of this form of
analogy is Sadi Carnot's comparison of heat engines with waterfalls. Here, quantity (of fluid) is pro-
jected onto heat whereas level differences (differences of intensity) and power of a fall of fluid be-
come temperature differences and power of heat, respectively.

Schematic Structure, Metaphor, and Roots of Analogy

Analogies are the result of a creative process. Cognitive science in general, and cognitive linguistics
in particular, have taught us that thought is figurative. we use recurring experiential gestalts to
structure our understanding of the world [1,2,3,4]. When the same structures (commonly /mage
schemas [5,6,7]) that result from the embodied nature of our mind are metaphorically projected
onto different phenomena, the human mind sees these different phenomena as sim//ar. Such similar-
ities are exploited in the production of analogy [8]. As a consequence, similarity is the result of this
creative process, it is not preexisting out there in nature independently of the human mind and used
post hoc to express an analogy.

To give an example, if we speak of angér, we use a schema called FLUID SUBSTANCE to describe
and reason about aspects of this phenomenon. We may say that anger grew in him, that there is a lot
of anger present in this group of people, that he passed his anger on to others, etc. At the same time
we conceptualize of the intensity of anger: steaming anger, mild anger, etc., which makes use of the
SCALE or VERTICALITY schema (the intensity of anger is high or low). The use of these schemas for
phenomena that, by themselves, have nothing to do with fluid substances or verticality, is called a
metaphoric projection (see Fig. 1).

Since we use the same schemas to conceptualize other phenomena such as pain, justice, light, fire,
etc., these phenomena obtain a degree of similarity in the human mind (see Fig. 1) where the simi-
larity is one of conceptual structure. The mapping of this structure from one field to another is
called analogy. [8,9]



Domain or ANALOGY

space X
Image schema 1

Vertical level METAPHOR

Domain or
space Y

Image schema 2
Fluid substance

Gestalt of
direct manipulation

etc.

Fig. 1. The creation of similarity as a result of the metaphoric projection of a small number of image schemas upon dif-
ferent phenomena. This apparent structural similarity allows structure mapping—a general form of analogy. [8]

Force Dynamic Gestalt

One of the most pervasive experiential gestalts created in the perception of complex phenomena
(justice, heat, anger, electricity, motion...) is what I call Force Dynamic Gestalt (FDG). [8] We
first perceive these phenomena as wholes, then we begin to differentiate them, i.e., we create as-
pects. This differentiation happens more or less unconsciously; only when we begin to reflect upon
our understanding of these phenomena do we become aware of the common aspects of the FDG.
Natural language demonstrates that we use three figures to structure the gestalt [10]:

1. Quality or intensity
2. Quantity or size
3. Force or power

There are additional (sub-)structures. Essentially, several or all of the schemas identified by Leo-
nard Talmy [11] in his theory of force dynamics (hindering, causing, letting, balance...) are em-
ployed. Furthermore, schemas such as the CONTAINER schema are used to extend the conceptualiza-
tion of the FLUID SUBSTANCE schema (substances are contained somewhere, and they flow into and
out of these containers).

As an example, consider how we speak (and according to cognitive linguistic, how we reason)
about the phenomenon of justice. Here are some common expressions:

s Quality, intensity, level

I have always found that mercy bears richer fruits than strict justice. (A. Lincoln)
« Object, quantity, (fluid) substance

Justice denied anywhere diminishes justice everywhere. (Martin Luther King, Jr.)
e Force or power

The healing power of justice.

The FDG which I have identified in the examples presented here can be seen to exist in our stories
that make up our culture. As we will see, science is part of this culture.



Image Schemas and Other Schematic Structures

As mentioned before, (image) schemas play a fundamental role in embodied understanding [5,6,7].
The concepts of quality (intensity...), quantity (object, substance...) and forcé (power) originate in
recurring experiences that lead to the formation of /mage schemas and other basic experiential ges-
talts. For us, the most important are:

* Scale and verticality
* Object, (fluid) substance
* Direct manipulation

There are many more, and their form, meaning and status in theories of the human mind are subject
to intense current research [7].

Application of the Theory of the FDG to Physics

If we consider macroscopic physics in the form of a theory of continuous processes (continuum
physics, [12-14]), we can identify the same basic structure of human conceptualization, i.c., the
Force Dynamic Gestalt, that appears in the field of human interactions as well [9]. Take the pheno-
menon of electricity where we speak of a quantity of electricity (charge) being contained in ele-
ments and flowing from element to elements. The intensity of electricity, i.e., the difference of the
electric potential between different elements is considered the driving force for the flow of charge.
Electricity can be used to drive other processes (motion, heat, chemical change), it obviously can
effect change. We construct a measure of the power of electricity to conceptualize and quantify this
aspect of causation. Naturally, the power of a process is related to the quantity flowing through a
given potential difference [15: Chapter 2].

The same structure of reasoning is employed in fluids, chemistry, motion, and heat [15,16-21]. In
summary, the concepts of quality (intensity...), quantity (object, substance...) and force (power) are
rendered in the form of the concepts of potential difference, fluid substance, and energy:

* Scale and verticality: POTENTIAL
* Object, (fluid) substance: FLUID SUBSTANCE
* Direct manipulation: ENERGY

Reasoning based upon these figurative structures leads to a feeling for the ré/ation between the
three. For an early and important example of this conceptual structure, let us discuss Sadi Carnot’s
thermodynamics.

Sadi Carnot: The Power of Heat

In the introduction to his book, Reflexions sur /a puissance du feu, Carnot gave a vivid description
of how we can understand thermal processes [22]. Here is a short excerpt:

Réflexions sur la puissance motrice du feu. D'aprés les notions établies jusqu'a présent, on peut
comparer avec assez de justesse la puissance motrice de la chaleur a celle d'une chute d'eau
[...]. La puissance motrice d'une chute d'eau dépend de sa hauteur et de la quantité du liquide; la
puissance motrice de la chaleur dépend aussi de la quantité de calorique employé, et de ce qu'on
pourrait nommer, de ce que nous appellerons en effet la hauteur de sa chute, c'est-a-dire de la
différence de température des corps entre lesquels se fait I'échange du calorique.

Clearly, this is the FDG of thermal processes, with the aspects of quantity, intensity, and power of
heat well differentiated [15: Introduction].



The Concept of Power

Carnot’s thermodynamics can be used to introduce the concept of power in a general manner. Wa-
terfalls takes the role of a physical archetype that can be employed in every field of macroscopic
physics. Contained in the image is the formal result that the power of a process (here, the power of a
fall of water) equals the product of the flow of the proper fluid substance (here, water) and the dif-
ference of levels (here, the difference of the gravitational potential) through which the substance
flows (see Fig. 2).

Double the
waler currert

Double the
oulput

1.4 times
1he reight

1.4 times
1he cutput

Fig. 2. The power of a fall of water equals the product of the current of water (mass) and the difference of the levels
(gravitational potentials) through which the water falls. Figure taken from [23].

Summary

To summarize the foregoing, the fact that we humans perceive phenomena in the form of the Force
Dynamic Gestalt allows us to compare different processes in a particular manner. Perception in the
form of an FDG leads to the formation of a conceptual structure for a particular range of phenome-
na. This structure consists of the aspects of the gestalt among which the three most prominent are
intensity, quantity, and power. The aspects arise out of a set of tools of thought which is made up of
image schemas and other elements of figurative (embodied) understanding. The projection of a
schema upon a particular phenomenon is called a metaphor that leads to examples of linguistic me-
taphoric expressions.

To give a prominent example, we conceptualize of thermal phenomena in terms of the /nfensity of
heat (temperature of temperature differences), quantity of heat (entropy), and power of heat.

Since the same structure is employed to conceptualize vastly different phenomena, these become
structurally similar to the mind’s eye. As a result we can map the structure of one field upon anoth-
er. In physics, this leads to a particular form of structure mapping, i.e., analogical reasoning where
the structures of theories of phenomena such as fluids, electricity, heat, motion, and chemical
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change are directly compared (see Fig. 3). The structure that is mapped is that of the Force Dynamic
Gestalt.

ELECTRICITY
ANALOGY

Vertical level METAPHOR
HeaT

Fluid substance Causation
(force, power,
energy...)
Resistance
Balance

etc.

Fig. .. Applying the same FDG with its metaphoric projections to different physical phenomena leads to analogical
structures (the metaphoric structure of one subject can be mapped upon another field).
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Experiments
Michele D’Anna and Joel Rosenberg

Presented here are demonstration experiments that show the far-reaching analogy between different
sub-fields of science, as described in previous parts of this symposium. Five sub-fields are covered:
1) hydraulic, 2) mechanical, 3) thermal, 4) electrical, and 5) chemical. For each sub-field, two expe-
riments are described:

A) an intensive potential difference driving the flow of an extensive, substance-like quantity, with
the process tending towards equilibrium; and

B) an external intervention pumping the extensive quantity from low to high potential, creating a
potential difference that could successively act as a driving force for another process.

Videos of the experiments can be seen online at
<http://www.youtube.com/view play list?p=9B638811E36695C4>.

1) Hydraulic (Pressure/height difference drives a fluid flow)
Equipment:

- Two tanks connected by tubing

- Tubing clamp or 2-way stopcock

- Hand-cranked generator and low-voltage (12V or less) fluid pump
- Optional: Flow indicator

- Optional: Blue food coloring

Hydraulic A) Two tanks are connected at their

bottoms by tubing that is closed by a clamp or

valve. With both tanks on the same table, one tank

is filled higher than the other, creating a hydrostat-

ic pressure difference between them. When the

clamp/valve is opened, the hydrostatic pressure

difference between the ends of the tubing causes

fluid to flow until the water level is equal in both :
tanks. A flow indicator can show the flow through

the tubing.

NOTE: 1t is possible that students will not be fa-
miliar with hydrostatic pressure. This can either be addressed directly, or it can be ignored and the
experiment interpreted as a fluid height difference tending to disappear.

SUGGESTION- The equipment can be as simple as two empty plastic bottles. Cut off the bottoms
of the bottles, connect tubing to either the caps or bottlenecks, and suspend each bottle on a ring
stand.

Hydraulic B) Water is pumped from one tank to I ’
the other, creating a pressure/height difference. An

electric hand-cranked generator connected to a —y ‘\ | |
low-voltage fluid pump does the fluid pumping. w S e i ':
NOTE: A good question to ask is: "Where does the , - bec LB
water that's being pumped into the second tank ' = . '
come from?" It is obviously coming from the first 24

tank, but this question helps set up the analogy, for
example with mechanics, which is the next dem-
onstration.

13



SUGGESTION- A purely mechanical fluid pump could be used, or even just a cup to bail water
from one tank to the other. For this and all of the following experiments, electrical devices driven
by electricity pumps (the hand-cranked generators) were chosen to create an additional constant
from one sub-field to the next.

2) Mechanical (Velocity difference drives a momentum flow)
Equipment:

- Two cars and 1 meter track

- Putty (for inelastic collision between cars)

- Electric toy train locomotive and 1 meter rail

- Hand-cranked generator

- Wood board (balsa or similar, light but long and stiff)
- Six round metal rods, each 6-8cm long

- Red (or other visible) tape

Mechanical A) Two toy cars are set on a
horizontal track, one with putty on the end ‘ .
facing the other car. The car without putty =

is set in motion and when they collide the = ;
putty joins them together. The first car

slows down while the second speeds up. .
This can be explained as a momentum flow |
from the car that is moving to the car in-

itially at rest as the velocity difference disappears.

NOTE: The key idea is that both cars end up at the same velocity immediately after impact (but be-
fore slowing down due to friction and air resistance).

Mechanical B) An electric toy train locomotive
is on a train track, and the track is connected to
a hand-cranked generator. Turning the genera-
tor runs the locomotive motor (a "momentum
pump"), which causes momentum to accumu-
late in the locomotive and create a velocity dif-
ference. Question: "Where does the momen-
tum come from?" Students might say the table,
the Earth, or nothing at all. At that point, the
track is put on a long piece of balsa wood (or similar), which is itself on top of six round metal rods
that "insulate" it mechanically from the table. A piece of red tape on both the table and on the balsa
show that when the locomotive goes one way, the track/wood goes the other way. In this case it is
much clearer that the momentum accumulating in the locomotive comes from the track.

SUGGESTION- Not all locomotives will move using a hand-cranked generator. Bring a generator to
a hobby shop and try some small trains out to see which work.

3) Thermal Systems (Temperature difference drives an entropy flow)

Equipment:

- Hot plate

- Stir plate

- Copper cylinder

- Pyrex dish (must be able to withstand adding a hot metal cylinder)
- Room temperature water-

- Temperature sensors
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- Tongs

- Peltier device with metal blocks connected to opposite sides

- Hand-cranked generator

- Optional: Thermal conductivity paste (better contact between sensors and Peltier)

Thermal A) A metal cylinder is heated
on a hot plate, and then moved to a
room-temperature water bath in a py-
rex dish on a stir plate. Temperature
sensors show that the temperature dif-
ference disappears as entropy flows
from the copper cylinder to the water.

NOTE: Like the cars that are still roll-
ing when the velocity difference dis-
appears, the copper cylinder and water
are still warm once the temperature
difference disappears.

SUGGESTION- Instead of temperature
sensors, thermometers can be used, or even just a finger -- but don't touch the hot metal cylinder!
Also, water can be heated instead of the metal cylinder.

Thermal B) A Peltier device is run by
a hand-cranked generator. Tempera-
ture sensors show a difference being
created, with one side getting hotter
and the other side getting colder.

NOTE: The Peltier device can be
looked at as a variation on a refrigera-
tor or air conditioner, though they
work by different physical mechan-
isms. These devices are all types of
"entropy pumps" (usually called "heat

pumps").

4) Electrical Systems (Electric potential difference drives a charge flow)
Equipment, including low-cost suggestions:

- Static hollow metal spheres on insulating bases
- Two 7.5kV demonstration static voltmeters

- Plastic rod and wool cloth for producing static
- Two +/- 5V centered demonstration voltmeters
- 1.0F 5V capacitor, and 0.22F 5V capacitor

- connecting wires

- 6V 3W light bulb, fan, or other device to run
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Electrical A) This experiment can be done
in two ways.

The first version is more expensive, but
easier to understand as an analogy to pre-
vious experiments. Two hollow spheres are
connected to two (expensive) kilovolt-
range voltmeters. One sphere is charged by
repeatedly rubbing the rod with the cloth,
then running the charged rod along the
sphere. When the sphere is charged to
around 6kV, it is touched to the uncharged
sphere and the electric potential difference
between them disappears.

The second version is less expensive and

uses two large capacitors, such as 1.0F and R
0.22F, and two plus/minus 5V-range volt-
meters. The top plate of each capacitor can
be considered to act like the spheres in the
first version (see schematic diagram). This
second version is less obvious, since the GT Gg
plates in the capacitor are hidden. But be-
cause the voltage is lower (5V), the volt-
meters are much less expensive. Also,
since the current is higher, this setup can be p— —
used to power a small 6V, 3W light bulb, a
fan, or other low-voltage electrical devices.

Electrical B) This experiment uses the
second version (capacitor setup) from
Electrical A. The capacitors are con-
nected to a hand-cranked generator, and
to the two 5V-range voltmeters. The
"pumps" charge from one capacitor plate
to the other, creating an electric potential
difference.

SUGGESTION- Supercapacitors have
high capacitance and are fairly inexpen-
sive.

9) Chemical Systems (Chemical potential difference drives an amount of substance flow)

Equipment, including low-cost suggestions:

- Fuel cell and hydrogen storage

- Electrolysis device

- Dilute sulfuric acid, H;SO4 (when diluting water always ADD ACID to water!)
- Hand-cranked generator

- Optional: Voltmeter
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Chemical A) A hydrogen fuel cell is used
to make a fan motor turn. The chemical
potential difference of dihydrogen (gen-
erated and stored previous to demo) and
dioxygen (from atmosphere) compared
with water disappears as they react in the
fuel cell to produce water.

NOTE: In chemistry education, the reac-
tion between dihydrogen and dioxygen is
sometimes said to "happen by itself."
This is the equivalent of the chemical po-
tential difference between reactants and
products disappearing. The concept of
chemical potential as a driving force for
an "amount of substance" flow is explained in Job & Herrmann [1].

SUGGESTION- Many toy companies sell inexpensive fuel cells.

Chemical B) An electrolysis apparatus is
filled with water, to which some drops of
dilute sulfuric acid are added to ensure
electrical conductivity of the solution.
The apparatus is powered by a hand-
crank generator that splits water into di-
hydrogen gas and dioxygen gas. The
products have an higher chemical poten-
tial than water [1]. During generation,
bubbles can be seen in each test tube.

SUGGESTION- 1t is possible to create a
hydrolysis setup in much less expensive
ways than purchasing an electrolysis de-
vice.

Summary comments

The main structural analogy can be seen in all variations of the experiment -- an intensive differ-
ence drives an extensive flow towards equilibrium, and a pump can be used to create intensive dif-
ference. Of course, there are distinctions between the subfields, and further refinements are required
for understanding each subfield on its own. Some examples:

- Momentum and electrical charge can both assume positive and negative values, which is dif-
ferent from a volume of water. But there's also a difference between mechanics and electricity,
in that momentum has a directional, vector character [2], while charge is a scalar quantity.

- In thermodynamics, entropy can be produced but never destroyed [3]. This can be pictured in
the thermal experiment, where entropy is created by the hot plate, transferred to the metal cy-
linder, then further transferred in part to the water. Entropy production is always connected
with "irreversibility."

- In chemistry, amounts of substance can be produced and destroyed, depending on whether they
are reactants or products in a given reaction [4].

In all of the experiments we use a "spy" to observe physical quantities of the system as indications
of change. Sometimes we observe an extensive quantity (e.g. with the fluid flow indicator), and
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sometimes an intensive quantity (e.g. with the thermometer). An extension idea is to consider which
quantities are being observed, and what those quantities indicate.

The demonstration experiments can also be extended to include the generalized resistance and ca-
pacitance for each sub-field (see table below). Capacitance, given an input of an extensive quantity
in your system, tells you how much the intensive quantity does change. Resistance, given an inten-
sive difference, acting as a driving force, tells you the intensity by which the extensive quantity
flows. Resistance is also related to dissipative processes.

In order to link quantitative aspects of the various sub-fields, energy can be included in the descrip-
tions of the experiments as another extensive quantity. It is better to solidify the main structural
analogy, and then refine it for each sub-field while also tying everything together with energy.

Science _ _
_ Pump Resistance Capacitance

sub-field

Hydraulic Fluid pump Fluid resistance Tank shape
Mechanical Motor Mechanical resis- Inertial mass

tance (friction)
Thermal resistan-
Heat pump )
Thermal ) ) ce Heat capacity
(Peltier device) . :
(insulation)
Electrical Battery or Elqctrlcal Electr.lcal capa-
generator resistance citance
Chemical Electrolyzer Reac:;(r)lréeresm— Buffer capacity
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Introduction

GIREP Seminar in 2003 gave an important contribution to the problem of Quality
development of teacher education and training, after the Barcellona Girep Conference in
2000 on Physics Teacher Education Beyond 2000. A number of important problems are yet
unsolved and a wide research work has been carried out and documented (Abell, 2007). The
Working Group3 (WG3) of the EU-Project STEPSTWO (2008) is now facing this topic with
the aim of sustaining Physics Teacher Education in universities, notably with regard to the
trends in European Teacher Education, in order to reinforce the study of physics subject
before university.

This Symposium aims at contributing to analyze and discuss some of the main
problems of teacher education and training in physics, both in institutional perspective and in
relationship to the curriculum updating and school reforms, by taking into account some main
results of WG3 analysis. The professional development and the research perspective are the
main aspects here considered for primary as well as secondary teachers.

Teacher education systems are very different in the European Countries: the Bologna
process involves a revision of the University missions and the decision related to the link
between academic and professional education. The Ministries of Education are discussing this
question and it emerges the need of a comparison for some agreements, mainly in the
perspective of the school reforms promoted in different countries.

At operative level, the main problems in teacher education are related to strategies and
methods to develop Pedagogical Content Knowledge (PCK) (Shulman 1987) both in pre-
service and in-service teacher education (Park, 2008). Some related main problems are: the
lack of competences in content knowledge (CK); the difficulties of novices in putting in
practice pedagogical knowledge (PK) in relationship with CK, the general difficulty to
integrate PK and CK for PCK development, planning skills and coherence in
teaching/learning paths. Open research questions are: how to stimulate and assess the
development of appropriate PCK that includes methodological competences related to
experimental exploration, modelling and building formal thinking as well as the ability to
promote argumentation in discourse or teaching/learning approaches stimulating meta-
reflection.

In the context of the WG3 analysis of the European situation (STEPSTWO, 2008), it
has been pointed out that few physics departments and schools of education are actively
engaged in the recruitment and professional preparation of physics teachers. Moreover, few
institutions demonstrate strong collaboration between physics departments and schools of
education and Programs do little to develop the physics-specific pedagogical expertise of
teachers in order to achieve a cultural base in science education of teachers of all school
levels.

The main problem is how to realize Programs for teacher education supplying
educational tools for different situations and contexts aimed at improving teaching
competences. Some relevant results have been pointed out by research and Examples of Good
Practice. Some of these, mainly connected with pre-service teacher education will be analyzed
in this Symposium.
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Pre-service education requires to directly face teaching/learning problems of specific
subjects. This objective can be achieved by means of teaching activities in which the planning
as well as the reflection on didactical proposals are integral parts of the process. Moreover,
the direct involvement is considered to be effective only when it is operative and tasks and
goals to be reached are clearly defined.

The Green Paper on teacher education in Europe (Buchberger, 2000) highlights the
crucial role of designing learning situations in which Trainee Teachers (TTs) can find
opportunities to develop structures of meaning, knowledge and activities for a didactical
reconstruction of the disciplinary contents, integrated with pedagogical competences,
methodologies and teaching practices. This aspect will be outlined in the various
contributions to the Symposium.

1. Challenges in Secondary Science Teachers Education

1.1 Relevant elements of the challenge

The analysis of the Eurydice reports (1998, 2003) and the first results of WG3 analysis
point out many relevant similarities and differences about two main points concerning Pre-
Service Secondary Teachers Education. The first involves the structure of the Programs that,
although having different characteristics, involve 5/6 years of university education and can be
classified into two big categories: a) sequential education, where the pedagogical education
follows the disciplinary education; b) parallel education where disciplinary and pedagogical
education develop in parallel along the whole period of university instruction. Both the
structures present advantages and disadvantages. However, almost all the countries are
searching for new Programs and mainly new methods. The second point involves the nature
and level of TTs’ physics knowledge; in fact, very often, their subject-matter understanding
seems not the conceptual understanding they will need to develop in their future pupils.

In these last years, the idea of science education, at all school levels, is strongly
changing and consequently a new way of thinking about teacher education is developing. It
involves a new framework where the professional preparation of a science teacher is analysed
in terms of professional profile in the context of jobs for “Human Talent Management”
(Tigelaar et al., 2004). Such a profile is frequently described in terms of competences and this
new word has been also used in most of the new international normative. The usual
framework of literature assumes that teacher competences should include:

e Ability to address, master and manage specific knowledge/methods related to the area of
interest.

e Capability to integrate different kinds of knowledge/methods in a flexible net.

e Ability to transform such a net of knowledge/methods in a synergic attitude into concrete
doing.

This involves that the profile of an effective science teacher is strictly connected with
practices. By comparing and contrasting data from partner’s of WG3, the following problems
have been identified:

e Lack or insufficient knowledge of the discipline(s) which are supposed to be addressed in
the teaching process.

e Lack of reflective practice, especially epistemological reflection about how science is
constructed (Knowledge of the Nature of Science).

e The knowledge of the discipline supplied by the university curricula is, in many cases,
focused on contents (laws, theories and models), more than on those processes which
characterize the discipline and on connections with the real phenomena.

e Compartmentalization of the discipline that fails to make physics more relevant to
students, more easily learned and remembered, and more reflective of the actual practice
of physics.



e Problems of teaching methods, that are essentially based on a lecture format and content
approaches that are often thought as exemplifications of university courses.

Such problems have been analysed by many research papers that tried to identify the
main knowledge and abilities grounding the competencies of physics teachers. These
identified requirements that would be explicitly addressed in the goals, objectives, readings,
and assignments included in pre-service preparation. It becomes relevant to identify Examples
of Good Practice supplying evidences and monitoring the growth of the TTs’ knowledge,
skills and attitudes.

1.2 An Example of Good Practice

The interaction between CK and PCK has been the focus of several EU funded
Projects. They developed guide lines for Programs and methods supporting the acquisition of
the complex set of competences required to physics teachers. Looking at the Italian context,
an example of good structure of TT Program is described in Fig. 1.

The Program Structure The structure stands at the center of the training

process the laboratory of disciplinary didactics

Disciplinary PsicoPedagogic | that integrates in a specific context the

Knowledge Knowledge disciplinary knowledge and the pedagogical

] I knowledge. The analysis of the school contexts,

The Disciplinary Didactics Whe_re_ TTs develo_p their apprenticeship,

(et il Wit i) participates in the design of appropriate teaching

I approaches of well defined disciplinary fields, by

S t——— interconnecting it with the curriculum and with
Apprenticeship the particular objectives chosen by the school.

Figure 1. Structure of a possible Program for Secondary Physics Teacher Education

Each laboratory/workshop is intended as a prototypal laboratory involving a particular
disciplinary content and showing:

e the possible space (of objects, facts, observations, ) to navigate in order to successfully
give meaning to the related conceptual content ;

e theset of landmarks that can guide the individual understanding;

e the conceptual knots pointed out by Physics Education Research (PER);

e  the models of common sense knowledge pointed out by PER,;

e the critical details made evident in classroom practice.

The laboratory mainly involves TTs in activities, such as

e  analysing pupils’ reasoning in order to point out mental models connected with their
common sense knowledge;

e defining teaching and/or learning goals based on content analysis and diagnosis of
students’ prior knowledge;

e  designing lessons using PER-based instructional strategies;

e  designing problematic situations;

e  designing experiments and modelling approaches.

The main results of such laboratories focused on disciplinary didactics are published in
many papers (see for example: Sperandeo-Mineo et als., 2006; Aiello et als., 2001). General
results can be identified in:

o TTs’ awareness of deficiencies in their own knowledge of physics and pedagogy;
e  appreciation of the need about a clear perception of their students’ knowledge;



e  deepening of TTs” knowledge of physics and physics pedagogy;
e  asystematic research-based approach to the design of specific lessons.

Concerning the used methodology, we should like to outline the role of meta-reflection
on their own learning in deepening of knowledge of physics as well as in pointing out the
learning knots of the specific topics.

2. Challenges in Primary Science Teacher Education
2.1 Some elements of the challenge

Physics today does not attract young people; some ideas for such a lacking of interest
meet a general consensus as, for example, that physics would be more appreciated if pupils
start studying it early, or that it is taught superficially by only presenting facts and rules. If our
mission is to increase the relevance of scientific knowledge for all citizens, we have to offer a
good pre-service education to primary school teachers to this purpose. This is a challenge for
all the European Universities and also for the Italian Universities, which have just started their
own reform too, so as to conform to the Sorbonne and Bologna agreements.

Relevant elements of such a challenge are:

e  The lack of TTs” competencies of in CK.

o The difficulties of novices in putting in practice PK in relationship with an appropriate
CK.

e  The general difficulty to integrate PK and CK for the PCK development.

e  Competence in the construction of coherent teaching/learning paths.

Several EU funded projects have addressed such main problems of teacher education
from different viewpoints: hand-on experiment, lab-work, contributions from ICT and ET,
informal education,.... in order to gain possible common frameworks based on experimented
Examples of Good Practices.

2.2 An Example of Good Practice

An experiment has been carried out in the Degree Course of Primary Teacher
Education at the University of Udine, that implemented the development of an Exploratory
Laboratory, involving experiments and analysis of cognitive paths of both TTs and pupils,
before an overall view relating to the specific subject. This work moves from the assumption
that pre-service training requires education in the discipline, through the teaching of the
discipline itself, and that this objective can be achieved by involving TTs in teaching/learning
activities in which the planning as well as the reflection on didactical proposals are an integral
part of the process.

Various strategies, based on such hypotheses and characterized by being set in real
situation and realizing operative involvement, have been selected. Not completely defined
instruments have been offered, since the elaboration and the planning phases are considered a
part of the intervention, therefore integrating professional and disciplinary education.

The basic tasks were made by some activities of the “Games, Experiments, Ideas”
exhibition (GEIWEB, 1999; Michelini, 2003, 2004) for informal learning. The physics fields
explored in the different sections of the exhibition (especially the one on thermal phenomena
where on-line sensors are used for real-time acquisition and plotting of evolution of
temperature) offered different didactical proposals to be analysed and elaborated in order to
plan single experimental activities or differently organized learning paths.

As far as methodology is concerned, TTs were requested to perform their activities
carrying out the PEC cycle: prediction of what is going to observe, verification of hypotheses
by means of experimentation, comparison of hypotheses with the experimental results and, if
needed, formulation of a new hypothesis. No specific instructions were given about the kind
of predictions to be made (qualitative as well as quantitative).



The GEI materials have shown to be suitable for the adopted formative intervention,
since they favour the personal involvement of TTs, their “putting themselves to the test”, their
“learning by experiencing”. Physics education in a context that results funny and very similar
to everyday life, confers to the discipline a power of link with common experience which
makes the student recognize its cultural value as well as its utility. It gives to physics
relevance in improving the personal capacities of observation and the understanding of
common phenomena. Finally, the didactical materials of the exhibition are valuable guides for
formalization and abstract thinking.

The analysis of results has been centred on the improvement of critical and planning
capacities for the construction of professional competences in physics education (Michelini,
2003, 2004), with particular care on the planning of single experimental activities, of
explorative experimental chains and of maps and conceptual networks for the definition of
paths for the management of formal instruments, either for personal exploration or for
didactical proposal definition.

TTs have shown explicit consciousness of the needs of acquiring practical and
disciplinary competences, as well as those of assuming methodological and didactical
abilities. This stimulated their interest for physics and for its learning and, consequently,
teaching to pupils during their apprenticeship. The observation of children and, then, their
guiding in the visit to the exhibition supplied TTs with essential didactical elements. On the
other hand, the personal involvement in experimental activities introduced them to the
development of a scientific and rigorous way of considering real phenomena. In this sense,
the activities based on the GEI exhibition have stimulated the acquisition of consciousness of
the role played by instruments and methodologies in the learning/teaching process (as in the
cases of the construction of appropriate didactical paths).

3. Conclusion and some general implications

In conclusion, we outline some suggestions or keywords for a possible/plausible EU
common framework for teacher education. Firstly some main objectives that should be aimed
at and secondly some framework features which have to be taken seriously into account.

A broad objective is to have science teachers firmly convinced of the necessity and
value of enriching their disciplinary content knowledge and of transforming it into a
pedagogical content knowledge suitable for teaching. Another objective is to have science
teachers with sound competencies in the infusion of Educational Technologies across the
curriculum. A teacher with such competencies uses personally these tools and understands
how and when they are appropriate in science education. For example: - integrated use of
real-time lab-work and modelling activities to foster/support links between phenomenology
and formal thinking; - extensive use and construction of dynamic images in order to exploit
visual knowledge so as to facilitate the study of familiar and complex physics phenomena and
of their mathematical description. These types of approaches, not related to a specific subject
but of transversal nature, require in teachers a deep awareness of the approach rationale and
sound skills to guide toward convergence the open class dynamics that is usually triggered.

Amongst the main framework features to cope with, the coherence with the 1999
Bologna declaration is important. The university disciplinary curricula are not yet completely
shaped by it, so it is crucial to have a teacher education resonant with “promotion of the
necessary EU dimension in higher education”. The results of educational research should be
transformed into ingredients of the training Programs, aiming at improving the impact of
research on ordinary class practice. The interaction with education authorities (local or
central) is crucial to: define priorities, strategies and contents of science education innovation;
build, test and propose models/materials; foster and support the take-up of innovations
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Introduction

The knot of the construction of a culture in which science is an active and integrated part of the
cultural baggage of the future citizen, that will call to do socially relevant choices, is a challenge
that is played from the early years of schooling (Hubisz 2001; Lederman 2001; Euler 2004;
Michelini 2005). From the first years of schools, in fact, mature, in the large majority of children,
the separation between scientific knowledge, school learning, everyday knowledge at the origin of
many of the difficulties of learning in the scientific field (McDermott, Redish 1999; Duit 2009) and
the disaffection towards the scientific study and more in general over and above the actual value of
science. It originates in the ways in which science is offered from kindergarten and primary. To
affect this situation requires an effective teacher formation and preparation (Buchberger et al. 2000;
Michelini 2001, 2003). Main problems in primary teacher training are: the lack in competence in
Content Knowledge (CK) on scientific topics and on formalization; difficulties for the novice in
putting into practice the Pedagogical Knowledge (PK) in relationship to CK; generalized difficulties
in integrating PK and CK within a specific subject to build the related Pedagogical Content
Knowledge (PCK) (Shullman 1987; Michelini 2004; Abell 2008, Berry et al 2008).

From the wide spectrum of research results it emerges that primary school teachers education
requires a significant integration between the specific subject matter and pedagogical field (Patchen,
Cox-Peterson 2008; Samarapungavan 2008; Schwarz 2009). In particular, knowledge of student’s
conceptual difficulties, competence on strategies effective to face it in classrooms, ownership on
teaching methods are necessary (Corni et al 2004; Viennot 2003; Abd-EI-Khalick et al 2004).
Relevant open questions remaining on how to test the PCK developed by teachers, how to promote
competences related to phenomenological exploration, modeling and building formal thinking, how
to construct competences in recognizing student learning paths and processes (Baxter, Ledermann
1999; Park, Oliver 2008).

The analysis of educational proposals and classroom works designed by prospective primary
teachers give just some general information about their orientation to the teaching action, to their
orientation to the student’s learning path, in the use of laboratory, in the way they suggest to
propose the contents to the pupils (Corni et al 2004; Samarapungavan et al 2008). Some researches
has been oriented to establish detailed criteria for PCK evaluation (Loughran et al. 2008;
Mavhunga, Rollnick 2011) or develop standard tools for formative and large-scale evaluation of
teaching skills developed by trainees (Schuster et al 2008, 2009; Juttner 2011; Tepner, Witner
2011). These researches focused on the needs to analyze specific competences on CK from one
side, and PCK form the other side. The need for collect integrated data on the two competencies it
emerge as an open research problem (Schuster et al 2008, 2009, Juttner 2011).

To give a contribution in the evaluation of primary school teachers competencies, and in particular
in the integrated analysis on CKs and PCKs related to the same knots, we designed some
questionnaires based on PCK methodology, to study how prospective primary teachers during a
formative module face CK and PCK with regard the main conceptual knots on: Kinematics and
relative motion; Dynamics; Thermal processes, Energy, Equilibrium of fluids.

Here we present the design and the general structure of these questionnaires. A selection of items is
also discussed to exemplify the typology of implementation of the items itself, how are presented
the different situations analyzed, how sort of answers we obtained in the first experimentation. Final
conclusion and remark close this paper.
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Design and structure of the questionnaires

In literature about PCK evaluation and assessment some typologies of questions are more used to
evaluate specific PCK competences, as: attitude to a direct instruction versus an inquiry based
approach; what type of activity a teacher use to propose a specific content; how a teacher should
deal with specific classroom situation for instance created by pupils questions or sentences (Shuster
et al 2009; Tepner, Witner 201). The way to present the question is also an important aspect of the
design of PCK questions, usually proposing specific situations, a story setting, a classroom case-
based or a problems-based situation. Some authors recently, suggesting the needs to explore CK as
well PCK competencies, proposing a separate use of CK questionnaires as well as PCK
questionnaires (Tepner, Witner 2011; Juttner 2011). In this way it is not possible to individuate if a
PCK problem is rooted in a lack of competence on the related CK, or if a learning problem about
CK appear only considering PCK question, but not a CK question.

Our purpose was to design an integrated tool which can be used to explore at the same time CK as
well as PCK related to the same specific knots, obtaining punctual information about the correlation
between CK and PCK.

A research based path was followed, to design the CK-PCK questionnaires for primary teachers.
We individuate subject related knots from literature about the different topics of interest, and in
particular the literature about tutorials for basic physics teachers (Arons 1996; Vicentini 1996;
Viennot 2002, 2003; McDermott 1996; Whitmann et al. 2004). In Parallel, we collected a set of CK
questions and typical student’s answers from literature about educational path and students learning
(McDermott, Redish 1999; Duit 2009).

The process of selection of items, therefore, started collecting a wide range of questions and a first
selection of knots and questions. Then we check the questions selected and the objectives of the
Physics Education for primary courses. This give use indications on how integrate or modify some
questions to cover effectively the field of interest.

A preliminary version of each item was sub-posed to a cross control by tree different researchers.
From this control it emerged the final version of each item. Finally we selected a set of items to
include in the final version of the questionnaire. Usually the final version follows 2-3 draft versions.
A further revision of the PCK questionnaires was performed after a first experimentation. The
questions that gave rise to ambiguous interpretations, not allowing us to explore the specific knot
that was focused by the question have changed, replacing or modifying substantially the ones that
gave not-significant results.

The questionnaire for each topic concern 5-15 content knots, summarized in the table 1, and it
propose 10-15 items subdivided in 2-8 questions. Here we give just some examples, referring to
other works for the discussion of individual questionnaires and analysis of results and achievements
in relation to different disciplines (Michelini et al. 2011a,b).

Kinematic

The CK knots explored about Kinematic are the following: Need of the system of reference to
describe the motion (Malgrande, Saltiel 1986; Viennot 1994); Analyze the velocity using
displacement for fixed time intervals (Karplus 1997); Graph of motion (Beichner 1994; Sokoloff,
Thornton 1999; McDermott 1999, Sperandeo et al 2002)

Relative Motion & Dynamic

The CK knots concerning relative motion regards: Composition of velocity, relative motion and
description of trajectory and velocity in different reference systems (McDermott, Shaffer 2002).
Parabolic projectile motion (Hestenes et al. 1992; Beichner 1994); Principle of independence of
motion; Description of the motion in different reference systems; Coriolis acceleration in a rotating
reference system (Malgrande, Saltiel 1986; Viennot 1994 Sokoloff et al 2004; Wittman et al 2004)

The CK knots related to force are: the effects of a force acting on a body put on a frictionless
plane (a disk on the ice); The dynamical analysis of the inclined plane motion; The inertia principle
and the inertial forces; The dynamic of a bouncing ball (Hestenes et al. 1992; McDermott 1996;




Wittman et al 2004; Sokoloff et al. 2004)

Fluids

The CK knots explored concerning statics of fluids, regards: the role of density in the distribution
of different liquids in a tube; the physical processes at the base of siphon functioning; the buoyancy
and the hydrostatic force; the buoyancy and the role of relative density; the atmospheric pressure;
the communicating vessels; the emission of a liquid from a container; the nature of the hydrostatic
pressure and the Pascal principle; the compressibility of air (Viennot 2002; Heron et al. 2003,
2010).

Thermal phenomena

The knots explored in the case of thermal phenomena: The thermal dilatation coefficient ; The
distribution of liquids in a tube; The volumic dilatation; Thermal equilibrium of mixed mass of
water initially at different temperatures; Thermal equilibrium of interacting mass of water initially
at different temperatures; Phase transitions, Role of the mass in the heating (Tiberghien 1986;
Sciarretta et al. 1990).

Energy

The knots explored in the case of energy are: Transformation of Kinetic energy in Internal energy;
Conservation of energy , Energetic analysis of process (bouncing ball); Combined Energy
transformations (wind mill); Transformation of Kinetic energy-Gravitational Potential energy ;
Transformation of Kinetic energy-Elastic potential energy (Driver, Warrington 1986, McDermott
1996; Millar 2005; Heron et al 2008)

Table 1. Conceptual knots and contexts explored in the CK-PCK questionnaire for the different topics.

The structure of the single item and of the questionnaires

In the majority of cases (from 50% to 70%), each item is divided in two parts: The first (CK part)
explores how a specific subject knot is analyzed by the prospective teachers; a second part (PCK
part) explores how typical students answers on a specific question are discussed by them. From
30% to 50% of the items of each questionnaire regard only CK and usually concern that conceptual
knots that we know from literature to be particularly problematic for novices.

Each item concerns a specific content knot and the related different learning problems of students. It
present:

A) the problematic situation, usually illustrated with a figure as a map, a graph or a diagram (as
in the questions on kinematic reported and more extensively discussed in other work of the
present book — Michelini et al. 2011a), a cartoon suggesting the situation (fig. 1), a picture
representing a real situation or a photo of a real situation (fig. 2), a schematic representation
of the situation (fig.3), some figures reproducing typical students pictures (fig. 4).

B) then just in the PCK items the typical students answers, as emerged in literature
(McDermott, Redish 1999; Duit 2009),

C) one or two questions that poses to the prospective teachers the subject related knot,

D) finally, for the PCK items, usually two questions: the first concerning the analysis of the
students answers and related learning knots, the second requesting how they can propose in
classroom each of knots identified in the answers of the previous questions. In the next
paragraph we exemplify some typical items of our questionnaire.

The students answers are often reported from literature, but in some cases, some simulated answers
of students was constructed when the real answers including at the same time more than one
learning knot, or are too long and do not show clearly the knot faced by the items.

The entire questionnaire provides a picture of the competencies acquired by teachers in the first
training on the conceptual knots for the different subjects and the more important aspects remaining
open. The PCK questions, which also included a reflection on the main learning problems of
children and how to deal with in class, provide also an output on the didactic competencies, in
particular about:

- the recognition of the students learning knots




- the identifications on what kind of aspect can be face with pupils to address each specific
knots
- the methodology and the strategy they suggest to adopt, in particular if they adopt a direct
didactic centered on teacher explanation, or they involve pupils in an open discovery
learning environment, propose to pupils some simple experiments and observation, involve
actively them in the exploration
- the activity they just suggest, or delineate in an operative way, or plan as effective proposal
of intervention in the classroom to face each knot with pupils, focalize on the knot to be
faced or the proposal is too generic.
The PCK questionnaires also provide useful feedback of the impact of university training modules
that we designed, and indications on how to change them to improve the training proposal where it
was less effective.

Examples of items.

In the present paragraph we exemplify the different typology of items proposed in the PCK
questionnaires in particular for what concern the modality of the presentation of the situations and
of the specific questions posed, giving also some general results about each items, when proposed
to two groups of 234 university students (prospective primary teachers) in the academic years
2008/09 and 2009/10. Here, we propose items concerning the different subjects explored, giving a
scenarios also about contents explored, referring for other paper for more deep discussion
(Michelini 2011a, b).

Example 1. Relative motion and reference frame.

The item illustrates the situation with a cartoon in which Donald Duck is chasing, with a club in
hand, Fethry Duck. It also specifies that "Duck Fethry runs with a speed of 7 m/ s. Donald Duck is
moving at a speed of 5m/s.

In the CK part of the item, you are asked to indicate
reasons for each answer: 1) how quickly Donald Duck
sees Duck Fethry, 2) how quickly Duck Fethry sees
who pursues, 3) How are these two speeds up with each
other, 4) if to answer you must specify one or more
reference frame and 5) such as.

The PCK part require to discuss the following answers
given by three students to question 3: “S1: The two
speeds are equal, to ask how quickly Duck Fethry flees
from Donald Duck is like asking how Donald Duck
quickly Duck Fethry lags behind with respect to Donald
Duck. S2: The two velocity has the same magnitude but opposite sign, because the two velocity
vectors are oriented in opposite directions. S3: | cannot speak only about the speeds. I need also to
talk about how | defined the reference frame of Duck Fethry and Donald Duck one. For example, if
Duck Fethry is running back, escaping from Donald Duck, the two speeds will have the same sign.
The CK questions bring into play the recognition and explanation, which three reference frames are
required: the first is that the road, to refer the seeds indicated Donald Duck and Duck Fethry, the
second is Donald Duck Don solidarity and the third is in solidarity with Fethry Duck. To answer in
the sign of the speed also requires the elaboration of a positive direction with respect to which the
two characters move in each of the references indicated.

The assumption of implicit reference frames has been the way in which almost all prospective of the
sample (90%) answered to the three questions in this item. They have also focused on only one
(48%) or two (27%) reference frames for what concerns the question four. Finally the 60% of
answering prospective teachers they have mainly (402%) focused on the correctness of student

Figure 1. The situation related to relative
motion is presented with a cartoon.



answers, looking at the content aspects involved, rather than discuss the knots underlying the
students answers, as the remaining 18% done.

Example 2. Coriolis acceleration.

The third example concerns the relative motion questionnaire and precisely the Coriolis acceleration
in a rotating system. It concerns the CK part as well the PCK part, proposing the question with a
photo of a real situation (a photo from the video: “The Coriolis force”, at
http://www.youtube.com/watch?v=_36MiCUS1ro)

Alberto, Giacomo, Rossella e Stefano are on a carousel. The carousel rotates clockwise. Stefano
launch a ball toward the center of the carousel. The CK part is the open ended question: "Who
reaches the ball? Explain”.

The PCK part presents the answers to the question of the students:

Rossana: "The ball moves in rectilinear motion, then the ball goes straight to Alberto"

Giacomo: "As the ball moves, the carousel rotates and then the ball will come to Rossana™

Alberto: "It depends on the speed with which
Stefano throws the ball. In any case, is not straight
at me, but to his right. "

This item brings into play the identification of the
reference frame in motion, of the role that plays
the Coriolis acceleration in the phenomenon
observed and hence the direction in which the ball
is deflected.

It offers an important context, because a large
majority of the everyday dynamical processes
observed in relative motion phenomena concern
rotating systems and are due to the Coriolis
acceleration, rather than the centrifugal
acceleration, as it was mistakenly led to believe. : - A -
In the answers to the CK part, the 64% of the  Fig 2 The carousel turns in a anti-clockwise
sample indicated that the ball follow a curved girection while Stefano launch the ball the
trajectory because of the Coriolis acceleration, girection of Alberto. To who will arrive the
divided equally among those who say that the ball  pa)1? (Picture from the video “The Coriolis
comes to Giacomo, and who to Stefano. In this  force, at

large group 22% give more explanation, making http://www.youtube.com/watch?v=_36MiCUS1ro)
reference to the speed drive of the rotating

carousel or constructed the trajectory in the

rotating frame with a step by step construction. Other 12 % answered that the ball will arrive to
Alberto, because Rossana launches the ball in this direction, while 5% sentences that the problem is
undetermined because the answers is depending from the speed of the carousel as well as the
velocity of the ball. As regards the PCK part, the 67% of the answering students analyzed each
student prevision or in terms of content correctness or simply in term of their own accord with the
opinion of students. A percentage less than 5% individuate almost a knot in the sentences.

Example 3. Water and oil in the U-tube and the role of density.

The item suggests a situation where: "Water and oil are arranged in a U-tube as shown", usually
given in textbooks as an example or exercise on the physics of fluids (see e.g. Halliday et al. 1981).
The situation is illustrated with a picture of the section of the U-tube and two quantities of water
and oil, represented with appropriate color and eight in the two branches. The item proposes two
parts. In the first one, two CK type question are posed: "1) Why is the branch containing oil higher
than the one containing water? 2) Determine the density of the oil [Use the following data: water p
=1.010°kgm?®, z1=11.2cm =, Z2 = 12.1 cm].


http://www.youtube.com/watch?v=_36MiCUS1ro

In the second part, a problem solving situation suggested by a
female student is presented, including CK and PCK sections:

“A female student use a very long U tube so she can put a big
amount of oil (about 8 liter). Her objective is to move the

water column just in the left arm of the U tube. _ Zs
Her schoolmates say: Paolo: it is sufficient add a quantity of |

oil equal to the volume of the elbow of the U; Sara: you don’t Z4
will be successful in any case; Luca: it is sufficient to put a
quantity of oil equal to two times the weight of the water”. |
The requests are: “3) What kind of answer give you to the v
problem? 4) How you comment the answer of Paolo, Sara e

Luca?

In a first formulation, the item was proposed illustrating the
U-tube and requiring only a draw as the two quantities of the
liquids would be willing. The difficulty to face a so open _
question, evidenced in a first implementation, suggested to ~ arrange themselves ina U-tube.
formulate this final version.

The two parts of the item are closely related on a subject related point of view and in particular the
questions 1) and 3) need to recognize the different density of the liquid from the situation shown in
the figure and that actually takes place when water and oil are putted in a U-tube The question 2) if
one side is proposed as a simple exercise, the other seeks specifically to enable this recognition.
From the cognitive point of view the experiment proposed by the child brings into play the idea that
to determine the disposition of liquids is their weight, rather than their relative density, as
underlying the suggestions of Paulo and Luca. The observation of Sara, who correctly predicts the
negative outcome of the experiment, leaving open the exploitation of the explanation, it stimulates
the comments to provide it, although not explicitly requesting it.

Only 12% dealt with the simple exercise proposed again underlining the great difficulty coping with
even simple exercises that require the use of mathematical formalism. 28% identified the role of
density in the two situations discussed and useful, but only 10% knew how to use this concept to
answer the questions. 60% answered the questions proposed focusing on the concept of weight. The
comments to suggestions of children, expressed mainly on the disciplinary aspects of teaching are
rather more than those related to disciplinary skills highlighted in the previous answers and not go
beyond general indications to suggest unspecified experiments

Figure 3 The figure shows how a
certain amounts of water and oil

Example 4. The buoyancy of solids in fluids, pressure in a fluid and the Pascal principle.

The item, redesigned by similar open ended question proposed to investigate the students' ideas on
the waterline (Heron et al. 2003), proposes the following situation: "Five compact objects, the same
shape and volume but of increasing mass (ml1 <m2 <m3 <m4 <mb), are left in a tank containing
water. The object of mass m5 sinks, while the object of mass m2 floating on the water (the upper
surface of the object is located at the free surface of water). Two students in a class have the
following drawings to illustrate how you arrange the objects in the water ". The item requires to
"Comment on each of the two illustrations, pointing which learning knots and how they could
intervene in the classroom to overcome them”. The item is of type PCK, since the two pictures are
typical drawings made by students in response to the question, but in an indirect way it explores CK
also.

The answer to this question requires the recognition that an object thrown into the water or sink, if
its average density is greater than water, or floats if its density is less than that of water.

It is expected therefore that the objects 3-4-5 sink, or sink up to 4 and 5 and the object 3 can float in
any position, in equilibrium with the water, as the authors have suggested the same question
(Loverude et al. 2003). It can also be handled if it is not explicitly recognized the role of the density



of water, taking into account the fact that when a body is thrown into water or sinks or floats and
then taking into account the fact that all the cubes "heavier" of the cube 3 must necessarily sink.
68% of the sample chose the picture B), providing an explanation, in little more than half the cases,
based on the concept of density in (20%), the concept of weight (15%). 19% choses the drawing B)
by adding that the cubes arrange themselves at different depths in order of increasing weight.

. A) EI_ZI B)

Fig.4 The pictures illustrate that typical patterns of students, about the results of immersion of
objects of equal shape and volume but different mass.

Example 5. The constancy of temperature at a phase transition.

About thermal phenomena, here we present a classroom context, where three children, Marco,
Stefano, Rossana, face the everyday life situation: "When the water boils in a pot, what happens to
its temperature?”

Marco says: “Continues to rise, because the water continues to be heated”; Stefano explains:
Continue to rise, but very little (about 1-2 ° C); Rossana says: It remains constant”.

Related to these assertions, the requests are: to discuss each answer, to indicate the related knots and
how it is possible to modify and/or support the learning. To address this question it is necessary to
take into account the constancy of the temperature at the phase transition. The assertion of the
children bring into the field typical beliefs, that the temperature rise during the phase transition, or
that come up, but in a different way with respect to the heating phase.

The question was answered by the 70% of the sample that has framed the situation as a case in
which the temperature does not change. The predictions of the three students were mainly analyzed
in terms of discipline, highlighting the correctness or not, according to the CK question.

Conclusions

The need to train the prospective primary school teachers, both as regards content and disciplinary
competences (CK), as well as those related to pedagogical content knowledge (PCK), requires
specific training activities. The evaluation of competences developed in training requires tools
specifically designed to assess both CK on each specific knot, for the PCK and their relationship.
Therefore, PCK-questionnaires were designed, based on different physical content (kinematics and
relative motions, dynamics, statics of fluids, energy and thermal phenomena). These questionnaires
were implemented in the context of a University module for the formation and preparation of
prospective primary school teachers on the physics education.

The questionnaires were constructed with a number of items, each of them focuses on a conceptual
knot of the main disciplinary subject concerning the University courses. The design of the
questionnaires started from a re-analysis of the typical questions developed from the literature,
investigating the learning processes of students, about the different topics. These questions have
been reformulated in general by providing some type CK, which is to explore the conceptual knot
from the point of view of discipline, and a second PCK part which require the analysis and
discussion of the typical student responses.

The formulation of each question followed a long process of discussion among researchers to get to
the final shared formulations and in some cases to a redesign after a first implementation, especially
in the cases where the questions had given rise to ambiguous interpretations, or where the results



had few significant. Particular attention has been dedicated in the design of each question, to how
present the situation proposed with appropriate maps, graphs, charts on which to build graphics, or
sketch the responses. The integration each item of a part on CK and a related part on PCK give the
opportunity to collect information about how CKs and PCK affect each other. The results of the
implementation of the questionnaires showed the effectiveness of the instruments made, both in
providing information on the outcome of training, and also a feedback to the prospective teachers
on the issues unresolved, or on their main training needs. The proposed questions have been shown
to be effective in identifying specific learning knots conceptual of future teachers, in particular
giving useful indications on how to change the formation. They have also made it possible to show
that lack in the PCK, are not only related to problem about specific CK, but also to a lack of focus
in the educational activities of defined learning objectives.
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Problems in teaching physics in primary and secondary school,
as seen by young Polish she-teachers

Magdalena Sadowska”, Anna Kaminska?
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Abstract: In recent years, in spite of the availability of information on Internet and
educational TVs, Physics became one of the less popular subjects in Polish schools. Reasons
are numerous, and should be searched first of all in the system of Physics teachers training.
Questioning young teachers on their problems is one of the way to reach the relevant
solutions.

Introduction

The educational problem of faint interest in Physics lies not only on the side of pupils but also
on the teachers’ one. Teaching is frequently done in a boring manner: mainly textbook
reading during lessons, instead of real experiments [1] or multimedia teaching methods [2].
Lesson are schematic, with no innovative scenarios, like role-playing, reporting, competitions
and so on. A negative perception of Physics creates a kind of a negative feedback — in lower
secondary school (Gymnasium) Physics lessons are reduced to the very minimum of 4 hours
in total, in the whole 3-years cycle. A way of overcoming this difficulty would be making
physics interdisciplinary, i.e. teaching Science, with element of Biology, Geography,
Astronomy, instead of Physics alone. Unfortunately, no Polish university prepares teachers to
such a role.

Another problem are poorly equipped laboratories, usually possessing only old experiments,
with no explanations or teaching scenarios. Innovative textbooks would be required and new
experimental set-ups. To overcome this problem we prepared new experiments, from
electromagnetism [3] to computer guided laboratories [4]. We proposed some innovations
for the textbook at the first level of Gymnasium [5], like introducing elements of the Material
Science, Astronomy, Chemistry. The tradition teaching only kinematics, with numerous
mathematical formula, essentially to be remembered, is too boring. A new list of experiments
desired has been recently announced by the Ministry of Educations. Again, explanations and
scenarios are needed [6].

Problem no. 1: bureaucracy

M. Sadowska: "l have been teaching since 5 years and I’ve experienced two changes of
national curriculum in Mathematics and one change in Physics. There is a lot of bureaucracy
in Polish system of education. It means that Polish teachers have to create lot of documents —
different types of plans such as: educational plan, preventive plan, result plan, corrective plan
etc. Changes in national curricula lead to changes in teacher’s documents. Instead of
preparing new interesting lessons teachers have to create new documents. Those changes
make the work with students much more difficult because materials become out of date and
the teacher is obligated to create new ones. Using the word ‘material’ I mean worksheets,
Power Point presentations, tests etc. It is easier to improve the ‘old’ material than create a new
one (which is time-consuming) that is obligated by changes in educational law.

Problem 2: quality of textbooks

First, there is a lot of educational publishers in Poland that in many different ways try to
convince teachers to select their textbooks. There are several handbooks for students being
more or less on the same educational level; moreover the same publisher frequently sells two
different types of handbooks.



The changes in curriculum result in "small" changes in handbooks. Publishers delete some
chapters from the old textbooks, sometimes without making appropriate corrections or
explanations. Publishers want to be on time with new student books. Textbooks are written
quickly because they must be available for students very fast. Quick changes in books cause
that they are inaccessible and fuzzy for students. There is possibility that in handbooks there
are misprints, misleading conceptions i.e. inaccurate drawings or photos, chapters without
good introduction, chapters without examples or with very difficult examples etc. Moreover
lot of books have only one or two authors who are not able to notice some shortcoming in
handbooks.

Lets analyse first lesson about electromagnetism for third class of low secondary school that

is published in two very popular handbooks. First textbook is published by "Gdanskie

Wydawnictwo Oswiatowe", its authors are Krzysztof Horodecki and Artur Ludwikowski [6].

Comments about this lesson:

1. In paragraph ,,Magnetic poles of magnets” there are written names of poles without any
experiment, in previous paragraph there is no introduction about magnetic poles. The
student has to believe that there are two types of magnetic poles and he/she doesn’t have
any proofs that author of textbook are right. And what about magnetic monopolies?

2. A misleading fact is that the north magnetic pole is marked by blue and south magnetic
pole is marked by red. We know that in some countries the north pole is marked by green.
In my school laboratory | have magnet which north pole is marked by red and south pole
is marked by blue.

3. There are misleading photographies. We can’t see on which picture magnets attract
themselves and on which they repel.

4. A picture shows arrangement of iron filings in magnetic field. The student doesn’t know
how magnet is arranged under a paper because the magnet is not shown.

5. A picture shows that lines of the magnetic field disperse not only from magnetic poles but
also from sidelong of the magnetic pole. Has this picture been checked with the scientific
literature?

6. The Student reads only about ferromagnetic materials. After reading this paragraph he/she
doesn’t know about another material’s types, I mean diamagnetic and paramagnetic. There
is a lack of information that magnetic characteristic changes with temperature’s change. It
would be much easier to start speaking about “magnetic” and ‘“non-magnetic”” materials at
the very beginning.

A second textbook is published by "OPERON", its author is Roman Grzybowski [7].

Comments about lessons in that book:

1. There is a picture that shows magnets. There are letters describing magnetic poles but
in this paragraph there is no comment about poles. The student must go further to find
information about magnetic poles.

2. There is lot of schemes how to make experiments. In my opinion there should be also
photos showing how to make them because students have to do them by themselves.
Description of making experiments are quite good.

3. Definition: Magnetic field exist in space in which magnetic forces act on a moving
charge. Such a definition of the magnetic field, via Lorentz force, is scientifically
correct and is used in several university textbooks. However, it is very difficult and
student can’t understand it.

Solution of the problem no 2: ""quality of textbooks"

Our Department of the Education of Physics proposes solution in this case. We prepared a
handbook of Physics called "Torunski porecznik do fizyki™. It was written as supplementary
material that is useful for students of low-secondary schools (Gymnasium). Authors of this



textbook would like to help students in creating their knowledge about the world. Next to
obligatory material in "Torunski porecznik do fizyki" authors present the current knowledge,
its use in everyday life, technology, medicine etc. This handbook doesn't focus on
requirements of national curriculum but on the interdisciplinary of Physics and its practical
use. Aims of the textbook are: interest students in Physics, increase of learning motivation,
stimulate to getting knowledge about modern science and technology. They hope that students
understand meaning of learning and technological progress instead of formal school
knowledge. At the end of the textbook authors underline that adults should know f.e. what
kind of diagnostic devices and physical phenomenon are used in medicine.

Example of lesson about state of matter

In every traditional textbook there is a list of state of matter that consists: solid, liquid and
gaseous state. None of handbook doesn't show or present different state of aggregation.
Textbook should show the modern knowledge about science so it might present others state of
matter such as: plasma, liquid crystals, condensate of Bose - Einstein. This information
students find in "Torunski porecznik”. Moreover they can see f.e. different use of liquid
crystals (see fig.1).

Fot, 1.16 Nietypowe stany skupienia: a) szklo me ma struktury krystaliczne], stad jest czasem
klasyfikowane jako ctecz . przechlodzona™ b) ciekle krysztaly, stosowany w mektérych
wyswietlaczach telefonéw 1 monitorach TV ¢) , sally putty™ — polimer silikonowy, plastyczay lub
sprezysty, w zaleznosei od szybkoser deformacyi; d) super lepka, samoprzelewajica sie crecz —

raz rozpoczete przelewante bedzie trwalo tak dhugo, dopok: mie wyczerpie sie zapas cleczy w gorme)
szklance; ) nitiol — stop mkiu 1 tytanu wykazacy panisé ksztaftu: zgsty, wyproshye sig

W strunueniu cieplego powretrza z suszarki do wlosow.

Fig.1. State of matter: glass as overcooled liquid, liquid crystals, "'sally putty'* and other [5].

e f : (S

Fot.1.17 a) Aparatura sluzaca wytworzeniu najzimmiejszego stany skuptema — kondensatu Bosego —
Emstema (laboratorium FAMO w Torunm); b) spadame kondensatu podlega tym samym prawom
grawitacy, co spadame kanuema,

Fig.2. Apparatus for creating condensate of Bose - Einstein used in FAMO laboratory in Torun.

After few lessons with "Torunski porecznik do fizyki" twenty students of Zespol Szkol in
Kalisz (Poland) noted it. They could give notes from one to five and one it was the worse of
note and five - the best.
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Tab.1. Students' note of the textbook - "Torunski porecznik do fizyki". Analyzes was made by M.S.

Problem no 3: Physics’ laboratory in school

In schools’ laboratories there are old experimental sets that are usually incomplete. There is
also a problem that young teachers have difficulties because studies do not prepare them to
work in school with old sets. Schools are not able to buy new ones because in their budgets
always are some more important expenditures. There is also a possibility that an experiment
set is available in school but the teacher does not use it because she/he doesn’t have facilities
to make experiment (e.g. he/she has: lesson in a classroom not in a laboratory, too little time).

In school laboratories experiments controlled by computers are completely absent. In my city
(Kalisz) in a low-secondary school I have not even seen such an experiment. Some of high-
secondary schools have experiment sets such us COACH LAB or PASCO but in Polish
schools it is very sporadic.

Another problem is fact that some of experiments should be done by students (it is obligatory
because it is written in national curriculum). It is often impossible because school laboratory
has one or two sets but in class there is about 25 — 30 students.

Solution of the problem no : *"Physics’ laboratory in school™

Exhibitions

Polish Universities try to help schools in this problem opening their laboratories, organizing
lessons for students of lower-secondary schools or exhibitions for children and teenagers.
Nowadays science exhibitions are integral part of every popular-scientific events.

In Poland the first exhibitions was organized by Pomerinian Academy in Stupsk in 1998. The
first exhibition was visited by fourteen thousands people for two weeks. The interest was so
big that it was organized virtual exhibition called "Physics and Toys" (see on web
http://dydaktyka.fizyka.umk.pl/zabawkil/index-en.html). Lots of materials were prepared and
put into the web but unfortunately there is no publications so far.

Photo 1. The exhibition Physics and Toys, Primary School number 5 in Slupsk. (AK)




Teaching electromagnetism with a new experimental set

| started (M.S.) my work with the new electromagnetic set produced at Nicolaus Copernicus
Univeristy in May 2009. After few (4 -5) lessons | observed that students were very interested
in simple experiments that they could see or make.
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Photo 2. Students of Zespol Szkol in Kalisz during lessons were making experiments with the new set.
(M.S.)

Students asked me before lesson what kind of experiments we would make during the lesson
and were motivated to come to Physics lesson. The school year was finishing so | could repeat
some parts of material and make experiments. We made about 25 experiments from the list,
see http://dydaktyka.fizyka.umk.pl/Low-Tech_Kkit/html.

After this few lessons | asked my students about their opinion about this experiments. Lots of
them write that:
e Experiments are very interesting.
Instructions are clearly.
I don’t have to ask the teacher to help me in making experiment.
Experiments help me to understand some phenomena.
| can see that knowledge of Physics is helpful in life.

Summary and conclusions

The most important difficulty in teaching physics in Poland as seen by young she-teachers is
bureaucracy.

Other problems which make teaching physics difficult are: the classes are too numerous
(sometimes 34 students), school labs are old-fashioned, not sufficiently equipped in
computers and experimental sets, the quality of textbooks still leaves a great deal to be
desired.

Summarizing we can claim that one of problems is also lack of complex actions that would
integrate printed word with multimedia material (f.e. CD-discs) or Internet version of book
and finally the lack of exercises for self-learning. Not only our research [9] shows that it is
necessary to use "blended-learning".

In spite of all difficulties and problems the view of kids faces making their own discoveries is
priceless ©© .
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Building a PCK Proposal for Primary Teacher Education in Electrostatics
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Introduction

Scientific learning implies the challenge of bridging everyday experience and scientific
knowledge. Physics Education Research (PER) studies for overcoming conceptual knots in
scientific learning suggest to introduce primary school pupils in science education very early,
along with the first experiences of interaction with the surrounding world to develop
observation and interpretation of phenomena (Michelini 2010). To motivate and promote
learning in secondary school, the suggestion is to teach physics in a differentiated way
according to the context in which it is applied, taking into account the different approaches,
angles of attach, perspectives with which learners look at phenomena, students’ spontaneous
reasoning and models, learning processes. This produces a task in teacher education: PER has
to support with materials and suggestions the professional development of teachers in
acquiring new competencies, required by the evolution of our society: the main teachers needs
are a reflection on the subject focused on learning goals, a planning of the rationale for
innovative teaching/learning paths, a capability to manage learning contexts, an expertise in
learning processes analysis. This implies the possibility to provide prospective teachers with
the fundamentals of science education in a way allowing them to manage these elements in
games, stories, questions of curious children, moments of organized analysis, adapting the
subject related content and its teaching to the different perspectives of the pupils (Michelini
2003).

To reach this professionalization for teachers pre-service and in service training aims to
integrate content knowledge (CK) and pedagogical knowledge (PK) in order to achieve
Pedagogical Content Knowledge (PCK) (Shulman, 1986), a process during which prospective
teachers must be supported in their reflections on concepts and methods for incorporating CK
and PK. PER materials, as research outcomes and prototypes of teaching/learning paths, can
be offered to the teachers as a support for school work planning; they can be supported in
their planning and learning analysis to produce a fertile classroom environment, coherent
proposals in teaching activity, attention to learning processes.

In this paper we discuss a research based formative intervention for prospective primary
teachers (PPT) on electrostatics inspired by these issues.

A path on electrostatics

Electrostatics is the context where some fundamental electromagnetic concepts as charge,
(electric) field and potential are introduced; moreover, as our path highlights, it offers the
opportunity to deal with the concept of state, the conservation principles, the analysis of
microscopic properties in systems through macroscopic phenomena. Electricity is a common
topic even in primary school and a field where a broad research pointed several learning
difficulties, particularly with regard to electrodynamics (Duit , 2009). This difficulties appear
to be linked to difficulties in electrostatics (Benseghir & Closset 1996, Eylon & Ganiel,
1990); therefore research was carried out about the students’ reasoning in interpreting simple
electrostatics phenomena as electrification by friction and contact, induction and transfer of
charge (Furio et al. 2004, Guruswamy et al. 1997, Duit, & von Rhdneck, 1997). Charge
emerged as conceived according to four models: entity created by friction, electric
atmosphere, fluid (the most used one), charged particles; the models of charge transfer take
into account only charge amounts or Coulomb force; the concept of electric potential turns out
to be one of the greatest sources of learning difficulties in both electrostatics and
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electrodynamics. Research reveals that learning difficulties are deeply rooted in high levels of
education, and poses the challenge of trying to prevent the establishment of deeply rooted
reasoning rather than to change it at high age level. It is important to give students
opportunities for scientific interpretation of the phenomena in parallel with their first
exercises of interpretation, also to form the habit in the physics scientific method that will be
a core part in education. Carrying out these activities with students involves training teachers
to handle them, so it is necessary not only to fill gaps in subject content resulting from a lack
of knowledge, but rather to realize the pedagogical content knowledge (PCK) that would
make effective their class activities.

For this scope, focusing on the research on learning processes and on the learning problems,
some validated ways of working with pupils and an educational path are produced (Mossenta
2010) and presented to PPT. The concept of charge construction is the main goal, starting
from the learning and subject-related knots, in the framework of the Model of Educational
Reconstruction (Duit MER-2006). The proposal is organized as a macroscopic exploration of
charging processes to individuate properties and states related with a preparation of the
observed system. Charge mobility and conservation are analyzed in this context. An
introduction of the concept of potential linked to its role in electrostatic phenomena is carried
out by means of measurements by on line sensors: the need of the potential emerges from the
analysis of some processes of charge transfer, taking also into account the conservation of
charge. Focused on the macroscopic properties of the electric interactions, the first part of the
proposal aims to build the first level of a coherent interpretation of electrostatics phenomena
(fig. 1); the second part has the methodological objective of developing the habit of looking at
the experiences as involving global systems (fig. 2). The experiments were planned as starting
tools for thinking in developing knowledge in electrostatics; we investigate the effect of the
planned chain of experiments in producing the construction of a conservative quantity
describing the state of systems, the electric charge, and how it is expressed, particularly
among prospective teachers of primary school.

The hypothesis to check is that a training too focused on content rather than provide elements
of knowledge produces uncertainties in the management of everyday problems that are not yet
known in the training and non-standard examples. Instead, to provide specific operational
tools by proposing validated ways and paths that will be experienced with a personal and
direct involvement could help prospective teachers to use their teaching skills in context,
identifying the value that each issue has for the students and taking the most appropriate
educational decisions.

Figure 1: Experiments and materials for the first part of the proposal (Part 1)



Figure 2; Experiments and measurement with a charge sensor: second part of the proposal
(Part 2)

Context, sample, instruments and methods

We developed a Module of Formative Intervention (MIF) starting from the implementation of
the part 1 with pupils and the consequent individuation of a coherent proposal based on
Conceptual Laboratories of Operative Exploration (CLOE). A pilot study of the part 2 was
carried out with high school students in the perspective of a vertical curricular proposal. The
research inquiry learning based MIF was organized from Part 1 + Part 2 for PCK teacher
formation. To assess the validity of the hypothesis an activity was proposed to two groups of
PPT, group A and group B, NA = 64, NB = 11. The activity was on the same content (on the
first part of the path in electrostatics) but implemented according different ways: presenting
the proposed experimental teaching path in the first case, with a traditional treatment of the
content in the second; then a questionnaire was filled in with questions similar to those
already reported in the literature on charge transfer (Guruswamy et al, 1997), asking the
questions in the form of identifying ways for an implementation in teaching in the first group
(GA), in the form of justification of the claims in the second (GB). The path on the charge
transfer was proposed and a second questionnaire was submitted to Group A, with Rogersian
interviews of small group of tree PPT to complete data from questionnaire. PPT were asked to
comment on the students’ ideas on the same phenomena (as emerged from the literature) and
to identify educational strategies to correct any identified incorrect idea. These materials
provide an analysis of the conceptual change induced by the activity and of the level of
expression of the activity effectiveness as regards the acquisition of both disciplinary and
pedagogical skills (PCK).

The first part of the questionnaire, common to both groups in its content, proposed six
situations of charge transfer: four between metal spheres of equal sizes, two between metal
spheres of different sizes. In the first questionnaire students were asked for previsions about
the final charge on the spheres in the different situations shown by pictures as in fig. 3 (Q1:
What will be the final charge on the spheres in the different situations shown?); then students
in Group A were asked about explanations for students (Q2: How would you explain your
prevision to a student?) and students in Group B were asked about their own explanation.

Before their contact After their contact

Fig. 3: Picture in the questionnaire to ask for the transfer of charge (situation a).



The proposed situations before the contact between the spheres of the same size are:

a) Sphere A: +8 uC; sphere B: +2 uC.

b) Sphere A: +8 uC; sphere B:-2uC

c) Sphere A: +8 uC; sphere B: 0uC

d) Sphere A:-8uC; sphere B: +2 uC .

Here we analyze this part and the first item in the second part of the questionnaire of GA:

“A child says that there is a transfer between two identical metal objects until each has half of
the net initial charge. Do you agree? Which ideas led the children to answer this in your
opinion?”

Research questions

To make a comparison between the two ways to give to the prospective teachers PCK
elements, we define the following Research questions:

RQ1: What are the students’ ideas about the transfer of charge in the two groups? Are they
local or global, coherent in the different situations proposed? Is it possible to distinguish
between the two ways of teaching, as concerns the nature and the features of the students
ideas?

RQ2: Do prospective teachers modify their own explanations taking into account the pupils
perspective when requested of an explanation for children? In which way?

RQ3: What are the ideas of the prospective teachers about the processes of interpretation in
pupils? Do they assume the creativity of pupils as a source to be driven by a careful
interpretation of phenomena?

What strategies can be helpful in an effective activity in developing PCK?

Data and data analysis

Q1: What will be the final charge on the spheres in the different situations shown?

In situation a, where the two spheres of the same size were positively charged before their
contact, the majority of students (89% of GA and 73% of GB) make a prevision of the same
final quantity of charge (+5 uC) on each sphere. The other 7/64 GA students (11%) foresee an
unchanged situation, explained by the repulsion between charges of the same type: “In this
situation the two charges repel because have the same sign”; the other 3/11 GB students
(27%) do not answer. Students in majority admit a transfer of charge between the two objects
differing only in the amount of their charge; a few students reveal a reasoning according to
the Coulomb’s law, preventing a transfer if systems charged with the same kind of charge are
involved. All answers are consistent with the conservation of charge.

Situation a: Charge before the contact: Sphere A: +8 uC; | GA GB
sphere B: +2 uC N=64 N=11
What will be the final charge on the spheres?

ANSWERS

A:+5uC; B: +5uC. 57 (89%) 8 (73%)
A: +8uC; B: +2uC. 7 (11%)

Not answered 3 (27%)

Table 1: Answers about the final charge on spheres in situation a before the contact: Sphere A: +8 uC; sphere B:
+2 uC.

In situation b, (Sphere A: +8 uC; sphere B: -2uC before their contact), it is possible to
recognize the same reasoning concerning the transfer of charge as before; moreover, a few
students imagine the neutralization of the less charged sphere as the final state of the systems,
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or the same number of charges on each sphere, or claim the idea of an exchange of the signs
of the charges on the spheres.

56/64 (88%) students of GA and 6/11 (55%) of GB make a prevision of a net charge equal to
the two spheres, with three different representations:

- 43/64 (67%) students of GA and 4/11 (36%) of the GB state a final charge of +3 uC

on each sphere (bl);

- 7164 (11%) students of GA suggest +3 uC on the sphere A, -2uC and +5 uC on the B

(b2);

- 6/64 (9%) students of GA and 2/11 of GB state +4uC and -1uC on each sphere (b3).

The representations b2 and b3 are the results of different reasoning about the processes
involved in the transfer of charge, the representation bl involves one of the two previous
processes and the idea of disappearing of opposite charges.
8/64 students (13%) in GA and 2/11 in GB give different predictions: relating both spheres
(with the same number of charges or an exchange of the charge signs, 3 students) or looking
to one sphere, that becomes neutral (3 students in GA, 1 student in GB); 3/11 students (27%)
of the GB do not answer. 60/64 students (94%) in GA and 7/11 (64%) in GB give answers
consistent with the conservation of charge.

Situation b: Charge before the contact: Sphere A: +8 uC; sphere B: -2 | MATERA UDINE
uC N=64 N=11
What will be the final charge on the spheres?
A: +3uC; B: +3uC (bl). 43 (67%) 4 (36%)
Same amount of
charge on each A: +3pC; B: -2pC & +5uC (b2). 7(9%)
sphere A +4C & -1iC; B: +4C & -11C (03). 6 (9%) 7
Neutralization of the | A: +6uC; B: -22uC & +2uC. 3 1
less charged sphere
Unchanged situation | A: +8uC; B: -2uC. 2
Same number of A: +4uC; B: -22uC & +2uC. 1
charges on each
sphere
Exchange of sign of | A:-2uC; B: +4uC. 1
the charge A -8uC; B: 124C. 1
A: +4uC; B: +6uC. 1
Not answered 3 (27%)

Table 2: Answers about the final charge on spheres in situation b before the contact: Sphere A: +8 uC;
sphere B: -2 uC.

In situation ¢ (Sphere A: +8 uC; sphere B: OuC before their contact) can be recognized the
same patterns of reasoning as before. 58/64 (91%) students in GA and 5/11 (45%) in GB state
an equal net charge of +4 uC on the two spheres; 5/64 students (8%) in GA and 3/11 (27%) in
GB give different predictions: the situation is expected to be unchanged (2 students in GA and
1 in GB), "The sphere B hasn’t got charge and doesn’t take anything from A" (GA); the
spheres are expected to be charged of the same amount of the two kinds of charge, “by
induction”: +4 pC on the sphere A and -4puC on the B (1 student in GA and 1 in GB); +8 uC
on the sphere A and -8uC on the B (1 student in GA); finally, the states of the sphere are
exchanged for a total transfer of charge, OuC on the sphere A and +4 pC on the B (1 student
in GA), OuC on the sphere A and +8 uC on the B (1 student in GB). 1 student of GA and 3 in
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GB do not answered. 60/64 students (94%) in GA and 6/11 (55%) in GB give answers
consistent with the conservation of charge.

Situation c: Charge before the contact: Sphere A: +8 | GB UDINE
uC; sphere B: 0 uC N=11
What will be the final charge on the spheres?

ANSWERS

A: +4uC; B: +4uC. 58 (91%) 5 (45%)
A: +8uC; B: OuC. 2 1

A: +4uC; B: -4uC 1 1

A: +8uC; B: -8uC. 1

A: 0uC; B: +4puC. 1

A: 0uC; B: +8uC. 1

Not answered 1 3 (27%)

Table 3: Answers about the final charge on spheres in situation ¢ before the contact: Sphere A: +8 uC;
sphere B: 0 uC.

Q2 (GA only): How would you explain your prevision to a student?

Situation a). As regards the explanation that the 57 prospective teachers stating a final charge
of +5 uC on each sphere would pose to the pupils, 44/57 students explain identifying a final
state of the system of the spheres corresponding to the configuration of charge reported
(category A); 8/57 express only a process that does not need the idea of final state (category
B). 37/57 students in both categories explain describing a process. The majority of
explanations involves the macroscopic systems of the spheres as acting entities. The state
expressed in category A can be equilibrium, without explaining the meaning of this concept,
(Al) or the same number of charges (A2). The majority (37/57 students, category Al) of
students explain the prevision as corresponding to a state of equilibrium to be reached: of
these 37 students, 26 (Category Al.1) describe a process that leads from the initial state to the
final state of equilibrium: for 25 students it is a transfer, for 1 a distribution: "nothing happens
because like charges repel; brought towards a forcing, the charges realized a distribution
balancing each other”. A total of 21 students would explain referring to an action of the
spheres (the sphere more charged sales/transfers charge), 4 of the charge (the charge moves
"to achieve an equilibrium™) and 1 student does not introduce an agent (“there was a transfer
of charge from A to B reaching an equilibrium of charges™). 11 students (Category Al.2)
indicate only the correspondence between the configuration written in the previous answer
and the equilibrium, in the form of a final state: reached by the spheres (“the two spheres
reach a state of equilibrium”, 9 students), or by the charges (1 student: “charges will
balance”), or after the contact (1 student "as the ball has a smaller number of +, the contact
will make to achieve an equilibrium between the charges"). 7 students (Category A2) indicate
the final state as corresponding to the same number of charges (amount of charge) on each
sphere: 5 (Category A2.2) state it without indication of a process leading to this state: 2
consider it an aim of the spheres (“the spheres want to achieve the same number of charges”)
and 3 describe it as a situation resulting from the contact: "after the two spheres touched there
will be the same number of positive charges”. 2 other students (Category A2.1) consider the
same number of charges as a final result: of the process of charge transfer or of the process of
cession by the more charged sphere. 8 students (Category B) do not indicate a final state but
identify a process able to account for the result: it is an equitably distribution of charges (4
students), a collection and sharing in an equal way of the charges by the balls (3), a situation
described step by step without specifying the subject of actions: after the contact there is an
amount of charges then divided into the two spheres (1). 1 student indicates only the transfer
of charge from the sphere more charged, thus providing an explanation not exhaustive for the
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situation stated before. 2 students do not explain, 2 students give an explanation inconsistent
with the situation stated for the spheres: it is the same explanation given by the 7 students
who state a final situation unchanged, as there will not be transfer because of the repulsion
between like charges (knot already noted in the literature, Guruswamy et al, 1997).

ITEMA PREVISION: A: +5uC; B: +5uC; NUMBER
EXPLAINATION | How would you explain your prevision to a student? OF
STRUCTURE CONTENT ANSWERS
FINAL STATE CHARGE EQUILIBRIUM 11
16 (25%) "Spheres want to reach a charge equilibrium"

SAME AMOUNT OF CHARGE 5

"After the spheres touched there will be the same number of positive charge"
FINAL STATE TRANSFER OF CHARGE TO REACH EQUILIBRIUM 25
AND PROCESS "The sphere A, more charged, transfers a part of its charge to the sphere B,
TO REACH IT creating a charge equilibrium™
28 (44%) TRANSFER OF CHARGE TO REACH THE SAME AMOUNT 2

"The sphere A wanted to transfer some charges to the sphere B to reach the
same charge"

CHARGE DISTRIBUTION MAKING EQUILIBRIUM 1
"Charges spread making each other equilibrium"
PROCESS EQUAL DISTRIBUTION OF CHARGE 4
ACCOUNTING "The two spheres touch and the positive charges realize an equal
FOR THE distribution™
PREVISION CHARGE COLLECTION AND THEN SHARING OUT 4
8 (13%) "The two spheres collected all charges and then shared out them equally
between themselves"
PARTIAL TRANSFER OF CHARGE FROM ATO B 1
EXPLAINATION
NO COSISTENCY | "In this situation the two spheres have the same kind of charge, so they 2
(3%) cannot touch/repel"
NOT ANS. (3%) 2

Table 4: answers about the explanation for pupils in situation a: prevision of a final situation with the same
amount of charge on each sphere

Situations b, ¢, d. The analysis of the answers for the situation b, c, d, shows that among the
26 students in the category Al.1, 24 students show consistent answers in situations b and d
(which differed only in the signs of the charges on the spheres). 21 students converge towards
a model that explains the prediction concerning the final charge on the spheres as a
sale/transfer by the spheres (as they did in situation a, now adding the idea of cancelling of
opposite charges), but whit differences: 18 students refer to a one- way transfer b