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Abstract 

Experience, and an overview of the literature, have shown that laboratory courses, 
particularly the introductory ones, should be plarmed taking into account previously chosen 
priorities, among possible aims. A group of teachers has been active for about ten years at the 
Institute of Physics of the University of São Paulo developing a course which puts emphasis on 
the aspects which characterize correct data aquisition and analysis, whatever the contents of the 
experimental problem. Weekly meetings of the teacher team (which occasionally changes some 
of its members and always includes some yourig physicists who are beginning their career), 
which last about two hours, are important means to foster the growing understanding of the 
process. It is now generally agreed that the goals should contemplate attitudes, as well as 
concepts. The attitudinal objectives intend at long term to induce the students to act more 
independently, autonomously and critically, albeit being cooperative and giving due value to 
team work The conceptual objectives are centred around a better understanding of the statistical 
-theory of experimental uncertainties and its relation to the data handling and analyzing 
processes. The planning includes four blocks, each with three to four experimental activities, 
along the two introductory semesters, the first of which is consideral especially important as a 
beginning for scientific literacy. Students are responding increasingly well to the proposed 
approach. About two hundred and forty students enroll for Physics major at sao Paulo and are 
divided into classes of about twenty, meeting four hours a week. 
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I - Introduction 

It is the aim of Science to interpret pheromena in as broad a context as feasible. Physics is 
concerned with most phenomena found in Nature and is considered an experimental scienc,e, 
from both, a historical point of view as well as from a philosophical one[Am98]. Therefore, it is 
distressing to see that in the vast majority of Physics pmgrams, particularly at University level, 
experiments are presented to students in one of two equivalently inconvenient manners: either 
they are used as mere illustrations for physical concepts, already taught in the so-called 
theoretical classes, or they are thrown at the students without any sound sequence, apparently 
under the assumption that a variety of examples will result in an adequate synthesis of what the 
experimental activities are about, without further help. 

In fact, the whole of Physics used to be taught up to the 40's or 50's of this century in this 
rmstructured manner, and Biology, or pails of it, like Botany and Physiology, maintained this 
fragmented approach until much later. Nowadays it would be unthinkable to go back to the old 
text-books, full of isolated facts. Research in Education has clearly demonstrated that formation 
is much more important than information, especially at present, when facts can be stored on and 
conveniently recalled from small computers. Nevertheless, most Physics Labs in Brazil, and in 
other countries as well, are still a simple collection of experiments, which are vaguely related to 
topics which were seen somewhat earlier in theory classes. Frequently the outcomes of such 
methods are a mistrust of experimental results and a vague feeling of time being lost[To83], as 
was clearly recognized by W.C. Michels [Mi62], some time ago. 

However, there is another complementary point of view. It is now admitted that there are 
several kinds of literacy, each vvith its specificity and difficulty. In present days, no one sends a 
child out to learn a language or math almost by himself, just by being exposed to several 
stimulating situations. 'The same should be true for scientific literacy and one should be able to 
analyze which are the cornerstones for promoting this specific competence. It is the view of the 
authors that one important point is to make the person recognize that Science is a human 
construct and, as such, fallible and always prone to modifications. Especially in this computer-
based era, there is the need to see machines as something being fed with programs by humans 
'Therefore, it is essential that future Physics teachers, and also Physics majors, be early put into 
contact with this aspect of Science. Nowadays, Physics is mostly presented in theory classes as if 
it were a linear, already complete subject. At present, as Physics commtmity, we are doing just 
the extreme opposite to what was usual up to the 40's. We must be aware of not doing so in the 
lab, allowing an inquiring spirit to persist. 

Some of these ideas have, indeed, be-en expressed as early as 1951 [Ho51] and more 
consistently by J.C. Menzie in 1970 [Me70]. The way out of the dilemma, was tried through an 
opening of the laboratory activities, as in the Divergent Laboratory Rv68] or through real project 
work, already in the undergraduate lab [Be71]. Most of these innovations did not survive. 

II- Objectives and priorities 

It is true that an immense variety of objectives and aims may be taken for the Physics 
Laboratory [Am98,Ho97,Ro79,Po84] and it is, first of all, necessary to choose priorities. Grossly 
speaking, the aims may be subdivided into conceptual and attitudinal ones[Ho97,Ca86]. It is 
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important to maintain both kinds in evidence, since the smaller groups usually fonned in lab 
activities may be a positive setting for interfering in favour of the latter, which is an opportunity 
almost lost in the overcrowded theory classes. On the other hand, teachers who are truly 
involved with introductory classes do not think they can transform their students rapidly into 
scientists, in the exact meaning of the word. It is often felt that an apprenticeship is needed, 
which should promote the necessary basic scientific literacy. Unfortunately, this understanding is 
almost never transformed into concrete proposals. The present report shows how evidences have 
led to action in São Paulo and resulted in an ever-changing program for the introductory Physics 
lab [Ho97,Ho99,Vu00]. The number of students which enroll to major in Physics at the 
University of São Paulo's central campus is about two hundred and forty and, in the lab, they are 
divided into classes of eighteen to twenty two students, which meet four hours eazh week. 

About ten years ago, at the "Instituto de Fisica da Universidade de são Paulo" (IFUSP), it 
was decided[Va90] that, for Physics majors in Brazil, the first tvvo semesters of what was called 
Experimental Physics should concentrate on the teaching of those aspects which characterize 
correct data taking and analysis, whatever the contents of the experimental problem. An 
important fact ne,eds to be stressed in this context: it is impossible to appreciate the beauty of 
physical results without being able to understand and employ adequately the confidence intervals 
around the numerical values which result from measurements! To illustrate the particular 
Physics concepts, which were simultaneously taught at theoretical classes, experimental 
demonstrations in class were deemed more appropriate. Another way to accomplish that aim 
could be real-time computer-assisted experimentation, where c,ertain control can be exerted on 
the outcomes and the analysis is mostly qualitative[Am98]. This is exactly one of the criticism 
the Sari Paulo team has to present about the recent report of the American Association of Physics 
Teachers-AAPT. There, the goals for teaching in the introductory Physics laboratory are 
classified in five broad aims, namely: I. "The Art of Experimentation", II. "Experimental and 
Analytical Skills", LE Conceptual Learning", IV. "Understanding the Basis of Knowledge in 
Physics" and V. "Developing Collaborative Learning Slcills"[Am98]. It is strongly felt that it is 
impossible to attain success even with a single goal, if priorities within each of those broad aims 
are not established at the very beginning of the process, that is when an introductory laboratory 
is planned. No such hint is given in the AAPT report. Furthermore, an analysis has to be made as 
to vvhich aims may be pursued in a less expensive way, in what refers to money arid or 
time[To83], employing other instruments. Therefore, as stated, goal III of the aforementioned 
list is better supported by complementary investments to the theory dasses. On the other hand, it 
is evident that goals I, 11, IV e V can essentially be only satisfied if laboratory experiences are 
also provided for the students. 

In the first couple of years, educational material for the two semesters was developed at 
IFUSP[Vu92,Vu96], focusing, in particular, on the con-ect statistical understanding and analysis 
of experimental uncertainties. Furthermore, the experiments assumed a more complex structure, 
even when dealing with the same themes as there had been formerly presented in the 
introductory laboratoryFu92]. 

As an important aid in the teaching/learning process, each activity was divided into two 
four hour-periods of work with the teacher and the experimental material. In this way, an 
important pause for reflection was provided, before finishing analysis of the data collected, in 
the second period. Preliminary reports containing the experimental results and their analysis 
were elaborated by the students (in teams of two). These preliminary reports were handed back 
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after being corrected, vvithout being graded. This was meant to encourage team work and 
honesty, in accordance with views which are now prevalent [Am98]. Two different final so-
called complete reports were used during the semester to assess each student's progress. The 
complete reports were written individually by the students, about themes randomly selected 
among all the ones explored during each of the two-months periods, utilizing the preliminary 
reports as basis. These methods are still in use [Ho00], but more recently, a written examination 
about analysis methods was also introduced, besides an elective final experiment, which 
occupies a prominent place in the process [Ho00]. 

III - More recent developments 

In the last six years, a team of teachers, which occasionally changes by some of its 
members, has been working on establishing the cornerstones for significant experimental activity 
and devising means of attaining intermediate and, sometimes, final goals. All members are 
experimental physicists active in others fields of research, besides being interested in Physics 
Education, and there are always some very young physicists in the team, who are beginning their 
teaching career. 

Although the structure initially designed for the course was meant to provide, to the 
majority of the students, a quick increase in maturity in what refers to conducting and analyimg 
experiments, it was soon perceived that some basic concepts were not absorbed, albeit much 
hard work. Some of the teachers who had a previous experience, also with students of other 
areas, were led to suspect that the meaning of experimental uncertainties is a rather difficult 
concept[Ho98,Ho99]. This has more recently been put forward also by other researchers Vo94]. 
Along the years it is, in fact, being confirmed that the intrinsic statistical variability of outcomes 
of measuring processes is astonishing to most people, particularly to the beginners in 
experimental activities. On the other hand, no significant conclusion, which is based mostly on 
comparisons of experimental results with other information, can be reached without a clear 
quantitative idea of how much a result can be trusted. This is best accomplished through the 
statement of confidence intervals [Ho98], although the presentation of the correct number of 
significant figures could be snfficient. However, there is evidence that the concept of significant 
figures is still hanler to convey. 

hr the planning of the teaching/leaming process the SAo Paulo teacher team has put 
emphasis on the following conceptual objectives, talcen sequentially: (i) to show that data 
normally fluctuate, if no instnmiental limit (a device with insufficient precision) is introduced 
into the measuring process; (ii) to show that most significant histograms of collected data should 
be single peaked and with no obvious systematic tendency during acquisition; (iii) to convince 
the students that, in most situation, a gaussian curve is a reasonable representation for the 
histograms, defining the meaning of the standard deviation; (iv) to demonstrate that more data 
means more information and should result in narrower confidence intervals, expressing the 
meaning of the standard deviation of the mean; (v) to present the usual propagation of 
uncertainties as a convenient means of obtaining confidence intervals for secondary results, if 
the confidence intervals of the primary, independent, data are known; (vi) to put the students into 
contact with some easy ways to analyse relationships: linearization techniques and graphical 
analysis; (vii) to show the power of the analysis of residues and chi-square values, applied to the 
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usual least-squares fits; (viii) to demonstrate that dieoretical interpretations may present flaws, if 
the model is too restricted for the experimental situation. 

At the same time some innovations were introduced which should produce positive 
effects on the attitudinal objectives, meant to help the students to be more independent, 
autonomous and critical individuals, which nevertheless are cooperative, scientifically honest 
and can give the due value to team worlc. The recent report of the AAPT [Am98] also values 
such objectives. The innovations tried at Sgo Paulo refer to increasing team work and 
interdependence, which includes an ample sharing of experimental results. Also, attention is 
given to the amplitude and depth of the discussions about the outcomes of the experiments, 
important instrtunents for a better understanding of Physics. Furthermore, emphasis is always 
put on inserting the activities, even the first ones, in as broad a context as feasible, always trying 
to show that an question is being asked to Nature and that students and teacher employ the best 
of their efforts to understand her answer. This is in accord with the recent recommendations of 
the AAPT[Am98]. 

Synthesizing, the planning of the laboratory activities has grown up to touch several 
points of scientific literacy, which include conceptual and attitudinal aspects for which 
Experimental Physics can provide a nice and, sometimes the only, basis. In fact, there will 
always be some unsuspected outcomes to steer the discussion into a new path. To show that 
modelling of real phenomena can always be improved, talcing -then into account more and more 
of the less relevant variables, is one way we have explored to get the message through[Am9'7]. 

In practice, the activities plarmed to attain the mentioned conceptual and attitudinal 
objectives are divided into four blocics, each corresponding to about two months. The first of the 
blocks was conceived to demonstrate the variability of measurement results and to convince the 
students that the statistical approach to data analysis is robust. Four activities are included in the 
block, and histogramming of results talcen in bigger ( N = 50 to N = 100) and smaller samples 
(N ? 10), is extensively employed. Table I presents, in some detail, the conceptual and 
attitudinal goals which each of the experiments of the first block aims at. 

Table I 

Some conceptual and attitudinal goals for the experiments in the fust of the four blocks. 

Experiment Conceptual Goals Attitudinal Goals 
Introduction 	to 	Measure- Results fluctuate; It does pay to be attentive and 
ments; histogramming helps; careful; 
timing of a pendulum by pairs of it is possible to determine a to record data in an organized 
students 	with 	successively representative value 	and to manner helps; 
improved methods; estimate 	a 	characteristic it is necessary to learn to work 
comparison of small (N=10) and width; these may be related to in a team; 
bigger (N=50) samples the mean value and twice the measurements can be trusted; 

standard deviation the experimentalist is part of 
the set-up 
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Relation between period and 
length of a pendulum; 
data for the length and the pe- 
riod of each of several similar 
pendulums 	are 	averages 	of 
measurements of 8-10 
experimentalists which alternate 
among the pendulums; 
each 	one 	oscillating 	with 	a 
predetermined length and small 
amplitude 
Fractal objects; 
establishes the relation between 
mass and diameter of a series of 
crumpled paper balls[Go87]; 

Physicists try to find the most 
relevant variables for each 
phenomenon and to ob-tain 
relations between them; 
talcing 	bigger 	samples 	and 
making 	averages 	produces 
usually better results; 
doing graphs is worthwhile; 
linearization 	techniques 	help 
the analysis 

Fluctuations 	in 	measure- 
ments have several sources, 
one of them may be irregu- 
larity of the proper object; 
Gaussians represent well most 
experimental results; standard 
deviations 	measure 
fluctuations; 
relations 	between 	physical 
quantities 	may 	be 	experi- 
mentally determined 

It 	is 	important 	to 	be 	co- 
operative, 	to 	exchange 	and 
discuss information; 
mistalces 	can 	be 	found, 	if 
statistical concepts are applied; 
modelling phenomena means 
describing their most important 
aspects; 
better data need better models 

Sampling must be careful and 
planned; 
given an experimental problem, 
one needs to choose adequate 
instruments; 
to interact with different people 
can be positive (students teams 
are changed) 

Measurements and Statistics; Statistical analysis works and Use 	the 	experimental 
dice are thrown in lots of n and should be applied to results of information 	and 	not 
the results recorded in samples measurements; expectations 	to 	support 	the 
of increasing size, N; mean 	values 	are 	better conclusions: 	even in strongly 
background and source events 
are 	recorded 	with 	a 	Geiger- 

determined as N increases, but 
the sample standard deviation 

controlled 	experiments, 
outcomes 	of 	small 	samples 

Mailer detector in samples of remains the same [Ho98] fluctuate; 
increasing N look at the outcomes with a 

critical eye 

'The first block is considered the most important one in the whole teaching/learning 
process of the introductory Physics lab and has undergone most of the changes during the last six 
years. In its present form, the synthesis of the statistical concepts [Ho98] is undertaken only in 
the fourth activity, when the necessary maturity seems to have been reached. In its previous, 
somewhat simpler version, ten years ago, a dice throwing activity was the first to be presented to 
the students and was felt by them as rather boring. As second activity, after an introducfion to 
histogrammed measurement results, the effect of the synthesis through dice throwing was much 
better, but two years ago we decided to postpone it still further, after having already presented 
the gaussian interpretation for measurement fluctuations. At present, maintaining the same 
conceptual objectives [Ho98], the synthe,sis experiment was boosted up by dividing the students 
in each class into two groups which rotate between the traditional dice throwing activity and data 
taking with a Geiger-Mtiller counter, also of intrinsically statistical nature. In both applications 
data are collected in increasingly bigger samples to show the power and limits of statistical 
reasoning. The three first experiments deal with: (1) the thning of the oscillations of a pendulum 
in a progressively better controlled experimental situation; (2) the study of the relation between 
period and length of similar penduli consisting of a small lead bob on an almost inextensible 
string, graphical analysis of linearized relations being introduced, besides insisting on histograms 
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and comparison of results; (3) the graphical analysis of an uriknown relation, consisting of the 
study of crumpled paper balls [Go8'7], which are revealed as fractal objects (more 
histogramming and the first analysis through a gaussian representation, which is extended, 
through his complete report by each student, to all formerly histogrammed data). 

The second block of experiments, also during the first semester, is concerned with 
improving the understanding of the cone,ept of experimental uncertainties and their so-called 
propagation throughout the calculations performed with the primary measured values. It is 
always tried to present experimental situations which are a priori unknown to the freshmen and 
need propagation to be solved. 

It is only in the third and fourth blocks, in the second semester, that the fit of the 
linearized relations through a least-squares procedure (and residue and chi-square analysis) is 
introduced to the students. At the same time, the significance of modelling is stressed and, 
especially through situations in fluid mechanics, its brealc-down in several important situation is 
demonstrated[Am97]. By the erd of the fourth block, the majority of the students is able to work 
almost independently and seems to have understood at least the necessity of the usually adopted 
attitudes in dealing with experimental situations. Some of them will even have incorporated the 
essence of it. An experiment of free choice is the final task and serves also for evaluation 
purposes [Ho00]. 

VI - Group work of the teacher team and conclusions 

To aftain, both, conceptual as well as attitudinal objectives, a continuous reassessing of 
the didactic approach is practiced in weekly meetings of the teacher team, which last about two 
hours. These meetings, which discuss the previous and the next lab periods, besides priorities 
and difficulties, proved extremely useful, especially to time the whole team to common 
objectives and attitudes. In these meetings the younger members give normally a very effective 
contribution. Several modifications were, as consequence, introduced along the years, especially 
in what refers to the way the experimental situations are presented to the students. Sharing of 
experiences has led, particularly, to an increasing emphasis on promoting discussions, first in 
smaller groups, then with all teams within each class and, finally, with all classes together, in 
what is called by the teacher team a synthesis-class[Ho98]. The experimental activities are 
presented to the students in written form at the beginning of the semester and each topic is 
supposed to have been read before schedule. More and more of the details on how to proceed are 
left out of the texts, during the semesters. No explanations whatsoever are given at the beginning 
of the activity, but the teacher assumes the role of a promoter of discussions and helps to 
synthesize the most relevant points whenever opportunity is apparent and, especially, at the end 
of each activity. 

Various kinds of anonymous questionnaires have been applied to assess the 
course[Ho97,Ho99]. It is clear that the great majority of students is responding increasingly well 
to the chosen approach. Inde,ed, more positive than negative qualifying words were employed 
by them, in a characterization through three words of free choice[Ho99]. Further, most of the 
students act in unlcnown, but similar, experimental situations in an adequate manner, that is try 
to assess the reproductibility of the data and employ the concepts of the statistical theory of 
uncertainties in an operationally correct manner[Ho00]. The necessity of stating uncertainties 
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was clearly absorbed[Ho99]. On the other hand, when, through the questionnaire, in a test or an 
interview, an attempt is made to get access to the deeper understanding of some concepts, it 
seems that several misconcepfion still survive[Ho99]. This is to be better underpinned in the next 
few terms. 
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